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ABSTRACT

The microstructure, hardness, fracture toughness, Young’s modulus, strength and
Weibull modulus of silicon carbide-titanium diboride (SiC-TiB2) ceramics were studied.
First, SiC-TiB2 ceramics with 15 vol.% TiB2 particles were processed using two green
processing methods, spray drying (ST) and ball milling (SiC-15TiB2). In addition, SiCTiB2 ceramics with TiB2 contents ranging from 0 to 100 vol.% were produced to
determine a TiB2 content that produced the best combination of mechanical properties.
From spray drying, segregation of the TiB2 particles in ST led to a granule-like
microstructure and spontaneous microcracking in the final ceramic. In ceramics
containing 20 and 40 vol.% TiB2, the TiB2 particle sizes were also large enough to allow
for spontaneous microcracking. Spontaneous microcracking decreased the hardness from
28 GPa for SiC to 24 GPa for SiC-TiB2 with TiB2 contents of 80 vol.% or higher. In
contrast, fracture toughness increased from 2 MPa·m1/2 for SiC to ~6 MPa·m1/2 for SiC
containing 40 vol.% TiB2 or more. Using a two-parameter Weibull analysis, SiC with 20
vol.% TiB2 had the highest average strength (522 MPa), followed by SiC-15TiB2 (500
MPa), then SiC with 40 vol.% TiB2 (420 MPa), and ST (380 MPa). While microcracking
in ST lowered the strength, hardness, and elastic modulus compared to SiC-15TiB2, the
granule-like microstructure combined with microcracking, narrowed the flaw size
distribution of ST and boosted the Weibull modulus of ST to 21 compared to 12 for SiC15TiB2, which had a uniform distribution of TiB2 particles. The Weibull moduli of SiC
containing 20 and 40 vol.% TiB2 was also boosted to 17, compared to 12 for a TiB2
content of 15 vol.%. To maximize each property, TiB2 particle sizes should be kept just
below the spontaneous microcracking threshold to prevent spontaneous flaw formation.
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1. INTRODUCTION

The research described in this thesis examines the microstructure and mechanical
properties of silicon carbide-titanium diboride ceramic composites, which are candidates
for use as ceramic armor. A commercial powder consisting of silicon carbide containing
15 vol.% titanium diboride particles (Hexoloy ST, St. Gobain Advanced Ceramics,
Niagra Falls, NY) was the baseline composition for comparison to ceramics produced by
mixing SiC and TiB2 powders. In order to maximize the properties of the ceramic for
armor, SiC-TiB2 composites ranging from nominally pure SiC to nominally pure TiB2
were also produced for characterization across the composition range.
The concept of body armor has existed as long as humans have desired protection
from the outside environment.1 The simplest form of body armor has existed since
humans have been able to manufacture clothing. The word armor is now generally
associated with a material that protects a soldier in combat. Similarly, early armor
examples stem from our images of Spartan and Roman soldiers who used metal helmets
and breast plates as well as thick leathers.2,3 In later times, knights wore full suits of steel
armor with chain mail underneath.3 More recently, advances in the processing of
polymers, metals, and ceramics have led to advances in armor. Modern day body armors
range from textiles such as Kevlar® that offer protection from small firearms to advanced
ceramics such as SiC that offer protection from armor piercing rounds.4
In modern body armors, ceramics such as SiC and B4C have advantages over
metals and other materials due to their low densities and high hardness. B4C has one of
the lowest density values of structural ceramics at 2.52 g/cm3.5 In contrast, iron, which is
used for steel-based armors, has a density of 7.87 g/cm3, which is more than three times
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that of B4C.6 While any armor may be bulky and stiff, the weight reduction that comes
with the use of ceramic armor is an advantage for a soldier on the move in any
conditions.
Because of their high hardness, advanced ceramics are also used in applications
where armor piercing rounds are a threat. The high hardness exhibited by some ceramics
allows for an increase in the dwell time of a projectile on the surface of the ceramic,
which aids in the erosion and defeat of the projectile.6,7 The hardness of ceramics such as
SiC (20-27 GPa), B4C (22-37 GPa), and TiB2 (25-35 GPa) meet this high hardness
requirement.6-12
Ballistic impact is a very complicated process, which makes it difficult to use one
mechanical property as a factor to predict projectile defeat. Because of this, most
ceramic armors are selected by testing them in their desired application for a “pass or
fail” grade. While hardness has been identified as one factor that can be used to predict
projectile defeat, fracture toughness and strength are factors that relate to multi-hit
capabilities.6 Fracture toughness, in particular, is an area where SiC ceramics have room
for improvement. Reported values for fracture toughness of SiC range from 2 to 9
MPa·m1/2. However, an increase in fracture toughness is typically accompanied by a
decrease in hardness.13,14 Reported fracture toughness values for SiC ceramics with
hardness >20 GPa typically fall in the range of 2.5 to 4 MPa·m1/2.7,8 To combat the drop
in hardness that is typically seen with an increase in fracture toughness, TiB2 particles
can be added to SiC as a reinforcing phase. SiC-TiB2 ceramics have shown the ability to
retain a high hardness while also showing improved toughness. For example, SiC-TiB2
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ceramics with hardness , >23 GPa and toughness >4 MPa·m1/2 have been reported, which
are an improvement compared to nominally pure SiC ceramics.15,16
Previous studies on SiC-TiB2 composites have tended to focus on maximizing one
mechanical property, such as hardness or fracture toughness. In contrast, the research
reported in this thesis examines green processing effects, hardness, fracture toughness,
and Weibull modulus. Some of the technical questions addressed by this research
include:
1. What affect does green processing, spray drying compared to mechanical
mixing, have on the final ceramic composite?
2. How do TiB2 additions affect the microstructure and mechanical
properties of the SiC matrix?
3. Does a specific composition exhibit a superior combination of hardness,
fracture toughness, and Weibull modulus?
To answer these questions, mechanical properties including Vickers hardness, fracture
toughness, and Young’s modulus were measured as a function of TiB2 content for SiCTiB2 ceramics. Using a two-parameter Weibull analysis, the strengths were compared for
different TiB2 contents. Microstructural analysis was also completed using optical and
scanning electron microscopy techniques.
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2. LITERATURE REVIEW

2.1 CERAMIC ARMOR
Interest in ceramic armor grew in the 1960’s during the Vietnam War as a way to
protect night watch guards from snipers.17 Metal/fiber composites like aluminum backed
with fiberglass became popular as the first ceramic-containing systems tested
ballistically, but they performed poorly.17 Weight quickly became an issue for ground
crews, a factor that became a bigger issue when trying to protect air crews in the Huey
helicopters used during Vietnam.18 After initial testing and resulting design changes,
ceramic armors became highly desired for their light weight and high hardness.6,7,10,11,19
In the late 1980’s, Hauver discovered that as hardness increased, so did the dwell time of
a projectile.7,10,17,20 Increased dwell time led to increased erosion of the projectile which
aided in defeat of the projectile.20 Silicon carbide (SiC), aluminum oxide (Al2O3), boron
carbide (B4C), and titanium diboride (TiB2) are some ceramics in this class of light
weight/high hardness materials that are used for armor applications.6,8,18,20,21 Densities
for these materials ranges from 2.52 g/cm3 for B4C to 4.52 g/cm3 for TiB2.5,9 Table 1.1
lists the hardness of these ceramics along with the hardness of some commercial armors.
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Table 1.1. Ceramic Materials used in Armor Applications
Material

Density (g/cm3)

Hardness (GPa)

SiC8,12,18

3.20

20-27

Al2O312,18

3.98

11-17

B4C5

2.52

22-37

TiB29,12

4.52

25-35

SiC-B (Cercom)8

3.21

20.61.2

SC-RB (Coors Tek)

3.10

24.5

SiC-N22

3.20

27.21.8

SiC-SC-1RN22

3.20

28.91.9

CAP 3 (Coors Tek)

3.90

14.1

While high hardness is an essential property for armor ceramics because of its
relation to projectile damage, no one mechanical property can be used to predict the
behavior of armor systems. Young’s modulus affects the propagation of stress waves
through the ceramics, strength and fracture toughness control multi hit capability, and
fracture mode can act as another energy absorber.6 In addition, microstructural
characteristics can also have a major effect on the mechanical properties, which, in turn,
affect ballistic performance. Microstructural characteristics such as grain size, second
phases, and porosity affect each of the aforementioned mechanical properties.6,23-28
Typically an increased toughness can be achieved with an increase in grain size;
however, hardness typically decreases when toughness increases, which is an example of
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the classic hardness/toughness tradeoff that has been reported for other materials.7,8
Large pores can act as strength limiting flaws while increasing amounts of porosity can
also drastically reduce the Young’s modulus and hardness, which makes a dense ceramic
better for armor.29 Section 2.3 further discusses the effects of microstructure on the
mechanical properties, but it is important to understand that microstructures can be
controlled to maximize specific properties.
The brittle nature of ceramics and the resulting low fracture toughness raise
concerns about fragmentation and multi hit capability of ceramics in armor applications.
Because of these concerns, composite armor systems often use a ceramic front that is
laminated to a metal or woven fabric backing to help control fragmentation and absorb
energy during defeat of a projectile.18,30 Still, just as one property cannot be used to
predict the performance of an armor system, one armor system is not ideal for every
application. Textiles such as Kevlar® are typically used for low level threats such as the
National Institute of Justice (NIJ) level III or lower where a level III armor must be able
to stop a rifle fired, steel jacketed bullet of 9.6 g at a velocity of 850 m/s. However, hard
ceramic armors are needed in some cases for NIJ level III and higher where armor
piercing rounds may be used.4 Armor piercing rounds being .30 caliber with a mass of
10.8g, fired at a velocity of 878 m/s as specified by the NIJ standard.4

2.2 MECHANICAL PROPERTIES
2.2.1 Hardness. Materials can deform elastically and plastically. In linear elastic
materials, such as ceramics, elastic deformation occurs when a stress is applied and the
material reacts by deforming. When the stress is removed, the material will recover its
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original shape. Plastic deformation occurs when a large enough load is applied to move
outside of the linear elastic region and the material cannot recover to its original shape.
Because of the way it is typically measured, hardness can be considered the resistance of
a material to non-recoverable plastic deformation.29,31
Hardness is measured by indenting the surface of a material with a sharp tip. The
magnitude of hardness is typically calculated using Equation 2.1 where H is the hardness,
P is the indention load, and “a” is the projected dimension of a Vickers indent. Figure 2.1
of a Vickers indent shows an example of the contact area of an indentation. The units of
hardness are load per unit area, which gives units of pressure. Therefore, an alternative
definition of hardness is the pressure required to produce a certain amount of nonrecoverable plastic flow.32

(2.1)

Figure 2.1. Schematic diagram of a Vickers indent showing the contact area of the indent
and the “a” dimensions.

Hardness can be used for quality control measures and its value affects wear,
erosion, and machining damage.33 For ceramics, hardness is typically measured using
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one of two methods, Vickers or Knoop indentation.29 The Vickers hardness of a ceramic
is determined by indenting with a pyramid shaped indenter (Figure 2.1) and the diagonal
dimensions of the resulting indent are measured to determine the contact area.29
However, a Knoop indenter tip has a length to width ratio of 7:1, which spreads the load
out over a much larger area. This not only changes the deformation zone under the
indenter tip, but also reduces the amount of cracking compared to Vickers indents.29,34
When measuring a Knoop indent, only the length of the long axis is measured. Based on
the geometry of the indent, the projected area of the indent is calculated rather than the
contact area. Hardness also changes with the load used to produce the indent, a
phenomenon that is known as indention size effect (ISE). Hardness values reach a
plateau when the load is large enough which can be determined by measuring hardness
with several different loads. Therefore, to fully characterize the hardness of a ceramic, it
is important to understand ISE so measured hardness is a measure of the upper limit of
non-recoverable deformation of a ceramic.26,29,34
2.2.2 Young’s Modulus. The Young’s modulus, also known as the elastic
modulus, is representative of the energy required to produce elastic deformation between
bonds in a material.35 The Young’s modulus, can mathematically be defined as the
change in stress () (load per unit area) as a function of the change in strain () (change
in length per unit length) as defined by Hooke’s law and shown in Equation 2.2 where E
is the Young’s modulus.29

(2.2)
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In practice, the Young’s modulus of a material is typically measured using either
static or dynamic measuring techniques. The simplest of static techniques is tensile
testing where the stress and strain can be recorded during strength testing. Stress as a
function of strain curves can then be plotted. For linear elastic materials such as ceramics
the slope of the stress-strain curve is the Young’s modulus.36 Flexure testing is more
common due to simple sample geometry, however, Young’s modulus measurement errors
can occur due to non-uniform stress distribution as well as plastic deformation during
flexure testing.29
Dynamic techniques can be more accurate for determining Young’s with
measurement error of less than 0.1%.37 In these methods, modulus is determined by
detecting resonant vibrations or ultrasonic wave propagation through the material.29
Using impulse excitation as described in ASTM C1259-08E1, a flexure wave is sent
through a rectangular bar of length L, width w, thickness t, and mass m.37 The frequency
of the flexure wave (ff) can be detected using a piezoelectric transducer and then used in
Equation 2.3 to determine Young’s modulus (E) where T1 is a correction factor defined in
the standard. Compared to static testing methods, the measurement of Young’s modulus
through dynamic testing methods does not require the destruction of samples. Using the
same sample, torsional waves can be set up in the material and their frequency can be
also be measured. This allows for the measurement of shear modulus and Poisson’s
ratio.37

(

)( )

(2.3)
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2.2.3 Strength. The strength of a material is a relative measure of the stress
required to break bonds in that material and can, therefore, be defined as the maximum
stress that a material can withstand at fracture.29 With its roots buried in atomic bonding,
strength is derived from the Coulombic attraction and a repulsive force from electron
orbitals acting on them.29,35,38 Shown in Figure 2.2, atoms in a lattice have a preferred
separation distance based on a balance between the attractive and repulsive forces. If an
external force (P) is applied, the atoms will move relative to each other, changing their
equilibrium position. However, to break a bond, a force greater than the cohesive force
(Pc) must be applied to the atomic lattice. By idealizing the force-displacement
relationship as a sine wave, the cohesive force can be defined with Equation 2.4 where
is the change in atomic spacing when a bond is deformed, and x is the displacement. The
bond stiffness, k, can be determined using Equation 2.5 where k is the load/displacement
ratio. Dividing Equation 2.5 by the number of bonds per unit area, the force required to
break atomic bonds becomes the cohesive stress (c) and the bond stiffness becomes the
Young’s modulus. Using this approach, Equation 2.5 can be re-written as Equation 2.6
which is the base equation for the theoretical strength of a material.35
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Figure 2.2. Potential energy as a function of atomic spacing where x represents the
equilibrium spacing between atomic nuclei.35

(2.4)
( )

(2.5)
(2.6)
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For brittle materials, the theoretical strength over-estimates the actual strength
because of stress concentrators such as weak bonding between grains or flaws such as
pores and microcracks within the bulk material. Ultimately, stress concentrators reduce
the maximum attainable strength.29 Griffith used the first law of thermodynamics to
model the effect of flaws on strength. Assuming that a crack propagated fast enough that
heat flow was negated, Griffith’s proposed that the mechanical work put into the sample
was equal to the sum of elastically stored potential energy and the surface energy at a
crack tip.29,39 Using Equation 2.7, Griffith showed for plane stress conditions that the
fracture of a brittle solid under stress (f) was controlled by a critical flaw size (2cc), but
was also related to the Young’s modulus and the surface energy per unit area of a crack
().29 It was later shown that the thermodynamic value of  should actually be replaced
by the larger value of fracture surface energy (f).29

(

)

(2.7)

To measure the strength of brittle materials, flexure testing is typically used due to
its low cost and simple specimen geometry.29,40 ASTM C1161-02c describes the
guidelines for testing the strength of brittle solids in flexure. Both three and four-point
flexure testing are popular methods for measuring flexure strength. The strength can be
determined by measuring the load required for failure and calculating strength with
Equation 2.8 where M is the bending moment, y is the distance from the neutral axis, and
I is the moment of inertia.41 Shear and moment diagrams are shown in Figure 2.3 for
three-point and four-point flexure tests. From the shear diagrams, it can be seen that
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shear is present across the entire bar during three-point bending. It can also be seen that
the moment is not constant across the bar. Conversely for four point flexure, the shear
force is neutralized and the bending moment is constant between the top loading pins.
This makes four-point flexure a true measure of the strength in bending since three point
bending is influenced by shear forces. Still, tensile testing provides the truest measure of
strength.29
(2.8)

Figure 2.3. Shear and moment diagrams for three-point (left) and four-point (right)
flexure testing techniques.
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2.2.4 Fracture Toughness. While strength is controlled by the presence of
existing flaws and relates to the formation of new flaws in a specimen, fracture toughness
is a material property that measures the resistance to crack propagation from those
flaws.29,35 This resistance can be measured, but depends on the fracture mode of the
material. Materials fail in one or more modes with mode I defined as pure tension, mode
II as in-plane shear, and mode III as out-of-plane shear.29 Figure 2.4 shows each of these
modes schematically.

Figure 2.4. Schematic representation of fracture modes I, II, and III.29

Irwin used a general form of the Griffith theory to describe the driving force per
unit area at a crack front.42 Based on conservation of energy, Irwin defined the
relationship for the energy needed to extend a crack using Equation 2.9, where G was
defined by Irwin as the “force tendency”, liel is the recoverable increment of strain
energy of motion Fi, U is the stored recoverable strain energy or potential energy, and
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A is the area of new surface produced by fracture.42 A simplified version shown in
Equation 2.10 reveals G to be the difference between mechanical work (W) required to
create a new surface and recoverable strain energy per unit of new surface area (U)
where both the work and stored energy are dependent on the load and change in crack
length.29 Equation 2.10 shows a release of energy per unit area or energy release rate,
however, G is actually a measure of the energy available for incremental crack
extension.29,35
∑

(2.9)
(2.10)

The compliance of the material will also change with an increase in crack length.
As compliance and G are related through changes in crack length, G can be measured as
a change in compliance with crack length. Irwin showed for plane stress conditions that
when pure tensile stresses were applied to a central crack that G could be calculated using
Equation 2.11 where  is the applied stress, E is the Young’s modulus, and 2a is a known
crack length making “a” the half crack length.42 A critical strain energy release rate, Gc,
can be determined by substituting f, failure stress, in for . When GGc, fracture
occurs. The different strain energy release rates measured through Mode I, II, or III
fracture can also be added to determine a Gtotal.

(2.11)
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Irwin also modeled the stress on a component near a crack tip, represented twodimensionally in Figure 2.5.43 He showed that each stress is related by a constant KI, and
each is proportional to the distance r from the crack tip and the angle  from the front of
the crack tip.43 The constant KI, known as the mode I stress intensity factor, is related to
GI through the Young’s modulus and can be calculated using Equation 2.12. Once KI is
known the entire stress field around a crack tip can be modeled. Knowing that some
critical stress will cause a material to fail, a critical mode I stress intensity factor (K IC)
can also be determined and used to describe the fracture toughness of a material.
Equation 2.13 shows how KI can be determined for an infinite plate with a through
thickness crack.29,35

Figure 2.5. Element stresses at the tip of a propagating crack.35

(2.12)
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(2.13)

While strain energy release rate is useful, KIC is typically measured for ceramics
due to the tendency of materials to fail in the mode that consumes the least amount of
energy, which is mode I.14,29,44-46 One drawback of using the stress intensity factor is that
values cannot be added directly to produce a Ktotal as can be done with Gtotal. However,
the K for each fracture mode can be converted into G for each mode and a Gtotal can be
determined to describe the energy required to create new surfaces in mixed mode
fracture.
Fracture toughness values for ceramics can be determined by several different
methods.29 Single edge notch beam and chevron notch beam tests require notching a
specimen and testing in bending.14,29,45 By notching, a known flaw size is present
allowing for KIC to be calculated based on the measured c. Other methods utilize
indentation to determine KIC. The direct method of measuring KIC through indentation is
applied by indenting a material with enough force to produce radial/median cracks.29,47
As the radial/median cracks form, KI is initially greater than KIC and the cracks
propagate. As the cracks continue to propagate and lengthen, the stress at the crack tip
will decrease. The crack will stop propagating when KI has decreased below KIC. The
length of the radial/median cracks can be measured and Equation 2.14 can be used to
determine KIC where  is an empirically determined constant (0.0160.004), 2c is the
radial median crack length, and P is the load used to create the cracks.47 Figure 2.6
shows an indent in a SiC ceramic containing 15 vol.% additions of TiB2. The
radial/median cracks can be seen emanating from the corners of the Vickers indent.
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Measuring fracture toughness using the indirect method involves indenting a flexure bar
to produce radial/median cracks and then breaking the bar. A modified indirect method
involves indenting the bar multiple times. Failure will occur at the radial/median crack
associated with one of the indents while the other indents remain on the verge of failure
and KIC can be determined based on the size of the their radial/median cracks.29

( ) ( )

(2.14)

Figure 2.6. Radial/median cracks extending from the corners of a Vickers indent in SiC
with 15 vol.% TiB2 additions.

2.2.5 Weibull Modulus. Gaussian distributions are commonly used for
statistically analyzing data sets. When analyzing data for ceramic materials, such as
strength, Gaussian distributions fail to account for data that fall far from the mean. In
brittle materials where a large flaw can have detrimental effects on strength, this is the

19
case.48 W. Weibull proposed a material function based on the probability of failure for
infinitely small volumes of material. In each volume slice, there is a chance of having a
flaw or multiple flaws. Using specimens of the same volume effectively negates the
effect of sample volume on strength, and thus the strength of the material is affected by
the size and distribution of flaws.29,48
These flaws, designated “n”, are like weak links in a chain. The chain fails at the
weakest link, just like a brittle material fails at its largest flaw.29,48,49 Weibull’s material
function is shown in Equation 2.15 where  is the average failure strength/stress of a set
of specimens, o is the Weibull scale parameter, and m is the Weibull modulus.48 The
parameters m and o are both unknown and must be determined empirically. The
Weibull scale parameter, o, is the stress required to put an amount of volume under
stress that is equivalent to the mean volume fraction of flaws under stress. At this stress
the mathematical probability of failure is 63% allowing o to be determined from failure
strength data.48

(2.15)

The Weibull modulus “m” is determined by considering again that a specimen is
made up of an infinite number of small slices where each of these slices has some
probability of failure that is based on the material function. Weibull showed that this
probability can be determined using Equation 2.16 where Ps is the probability of
survival.49,50 From empirical data, specimens are ranked from weakest to strongest. The
rank (i) and total number of specimens are used to determine Ps using Equation 2.17,
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which leaves m as the only unknown parameter.29 The Weibull modulus can then be
determined using a linear regression by plotting lnln(1/Ps) as a function of ln() and
fitting a line to the data. The slope of that line will be the Weibull modulus, m.29 The
Weibull modulus can then be used to compare different sets of data. Between different
sets of data, a larger Weibull modulus indicates a narrower distribution of strengths for
the specimens in that set and, therefore, a narrower distribution of flaw sizes.29,49,50
Measured Weibull moduli of 8-17 have been reported for commercial armor ceramics
making a Weibull modulus of over 10 a good mark for determining consistency between
ceramic armors in a production lot or between production lots.51

(2.16)
(2.17)

2.3 MICROSTRUCTURAL EFFECTS ON MECHANICAL PROPERTIES
These mechanical properties: hardness, Young’s modulus, fracture toughness, and
strength each have their own significance when designing with ceramics for structural
applications. The key to controlling each of these properties is control of the
microstructure. Grain size, porosity, and second phases can all dramatically affect each
of the aforementioned mechanical properties. In ceramic materials, it is generally
accepted that hardness decreases with an increase in grain size.27,52 Crystal anisotropy is
one reason for this trend. An increase in grain size leads to an increase in the residual
stress of the grains. These residual stresses can play a large role in how the material
deforms when indented.32,53,54 It is also typical to see a decrease in hardness with an
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increase in fracture toughness.29 Hilmas et al. reported an increase in the fracture
toughness of SiC from 2.7 MPa·m1/2 to 9.2 MPa·m1/2 with additions of aluminum nitride
(AlN) and Al2O3.14 While fracture toughness increased, hardness decreased from 23 GPa
to 15 GPa. The increase in fracture toughness was attributed to crack deflection around
elongated SiC grains while the hardness drop may have been due a reduced work of
indention that could have been caused by the presence of microcracks.14,32 Based on
analysis by Krell, the elongated SiC grains may have also played a part in the reduced
hardness. Because of the brittle nature of ceramics, large grain sizes can act as strength
limiting flaws that reduce the strength of the ceramic. Therefore, decreasing grain size
effectively reduces the critical flaw size of a material and, in the absence of other, larger
flaws, can lead to increased strength.29 Porosity can affect each of these properties as
well by acting as flaws, or reducing the work of indention during hardness measurements,
or changing elastic wave propagation to affect Young’s modulus.29 The effects of second
phases, specifically TiB2 additions to SiC, will be discussed in Section 2.4.2 of this
literature review. Because the microstructure of a ceramic affects its mechanical
properties so drastically, microstructures must be evaluated to interpret mechanical
property measurements.

2.4 SILICON CARBIDE-TITANIUM DIBORIDE CERAMIC COMPOSITES
2.4.1 Processing of SiC-TiB2 Ceramics. SiC-TiB2 ceramics can be produced
using a variety of processing methods. The simplest method involves combining SiC and
TiB2 powders and densifying them through either hot-pressing or pressureless
sintering.55-58 To enhance densification, B4C and C sintering aids are typically added to
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react with and promote removal of oxide contamination from the surface of the powder
particles.59 For the reduction of SiO2 that is present on the SiC particle surfaces,
Reaction 1 can be utilized. Reduction of TiO2 to TiB2 follows Reaction 2. Another
application for Reaction 2 is reaction sintering of SiC-TiB2 composites by mixing SiC
and TiO2 powders with the appropriate amounts of B4C and C to completely consume the
oxygen in TiO2 powder and converting it to TiB2. This is sometimes done to achieve
smaller TiB2 particle sizes than is possible with readily available commercial TiB2
powders.15,60-62

(1)
(2)

The minimization of oxide content is an important step in densification of nonoxide ceramics. Due to the strong covalent bonding in materials like SiC and TiB2, it is
thought that the oxide layer hinders densification by reducing the surface energy of the
grains while enhancing vapor transport and surface diffusion.59,63-65 Vapor transport and
surface diffusion are non-densifying sintering mechanisms, and act to coarsen grains,
which inhibits densification (Figure 2.7).66,67 Alliegro was the first to show SiC could be
pressurelessly sintered using aluminum and iron sintering aids.55,68 Prochazka, however,
used B and C sintering aids for densification of SiC.63 Prochazka showed that B
segregated to the surface of SiC grains while C removed oxygen and reacted with free
silicon impurities.64 The segregation of B to the grain boundaries reduced the grain
boundary energy and subsequently the ratio of grain boundary energy to surface energy,
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gb/sv.64 Removal of oxygen and free silicon also increased sv, which further reduced
gb/sv. For necking to occur, gb/sv must be less than √3. In contrast, when this ratio is
greater than √3, grain boundary extension is halted and the closing of pores ceases.64,69
Hence, reducing gb/sv is important for the enhancing densification during the sintering
process.

Figure 2.7. The six mechanisms of sintering. All the mechanisms lead to necking
between particles, however, mechanisms 4-6 only lead to densification while mechanisms
1-3 lead to coarsening.66

Thermodynamic analysis of the reduction of TiO2 supports the need for the
addition of sintering aids. Since both Ti and B form stable solid oxides, TiO2 and B2O3
are expected to form on the surface of TiB2 powders based on the favorability of
Reaction 3. However, B2O3 may hydrate in ambient conditions due to water vapor in the
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atmosphere. A phase stability diagram (Figure 2.8) with axes of pH2O and pO2 at room
temperature shows that the ambient laboratory conditions (star in Figure 2.8) under which
powders are stored favor the formation of TiO2 and HBO2 rather than TiO2 and B2O3. At
room temperature (25oC) under a vacuum of 27 Pa (hexagon in Figure 2.8), water can be
removed, but HBO2 still remains until a ~75 degree temperature increase. At 100oC,
enough water can be pulled from HBO2 to form B2O3 which subsequently melts a
temperature of 500oC.70 A reaction between TiO2, B2O3(l), and C is then able to occur at
~1275oC under a 27 Pa vacuum (Figure 2.9). However, a combination of C and B4C
sintering aids promotes the decomposition of TiO2 at temperatures as low as ~1025oC
under the same 27 Pa vacuum. Excess B2O3 liquid can then be removed by evaporation
at a temperature of ~1450oC leaving powders that are nominally free of oxide impurities.
As with SiC, the addition of C to TiB2 enhances sintering by removing oxygen in the
form of CO while B4C removes oxygen and reacts with residual Ti to form TiB2.59

(3)
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Figure 2.8. Phase stability diagram of B2O3, HBO2 and H3BO3 at room temperature.
Laboratory pH2O/pO2 is represented by the dot while furnace pH2O/pO2 is represented by
the pentagon.

Figure 2.9. Phase stability diagram of the sintering aid reactions for reducing surface
oxides on TiB2 powders.
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2.4.2 Properties of SiC-TiB2 Ceramics. Silicon carbide (SiC) is a strong, hard,
and chemically inert ceramic used in several applications that involve extreme
environments.13,71-74 The high hardness of SiC (20 to 27 GPa) makes it an attractive
armor material.12,18 However, SiC is brittle due to its low fracture toughness (2 to 5
MPa·m1/2), whereas high fracture toughness is desired for multi hit capability of the
armor.6,8,13,74 Improved fracture toughness is a goal for many researchers working with
SiC ceramics. A fracture toughness of 6 to 9 MPa·m1/2 can be achieved by adding phases
that promote crack propagation along the grain boundaries or by increasing the grain size;
however, the hardness typically decreases as the fracture toughness increases. In some
cases a drop in hardness of 5 to 10 GPa has been observed in SiC when the fracture
toughness is increased 2 to 4 MPa·m1/2, an example of the classic hardness/toughness
tradeoff.6-8,14,75,76 Titanium diboride (TiB2) also exhibits a high hardness (25-35 GPa)
and it may overcome the hardness/toughness tradeoff when added as a particulate
reinforcing phase to SiC.9,15,77,78
The addition of TiB2 is expected to increase the hardness of SiC ceramics based
on a volumetric rule of mixtures calculation. However, an increase in toughness is also
expected due to thermal residual stresses within the SiC matrix. 77,78 SiC has a CTE
along the c-direction of 4.45 x 10-6/oC compared to 8.6 x 10-6/oC for TiB2. Along the adirection, SiC has a CTE of 3.67 x 10-6/oC and TiB2 has a value of 6.6 x 10-6/oC.9,79,80
The mismatch of CTE values puts the SiC matrix in compression and the TiB2 particulate
in tension for SiC-TiB2 ceramics. This mismatch creates toughening due to the thermal
residual stresses, which results in crack deflection as cracks running parallel to TiB2
particles are drawn to the tensile stress field associated with the TiB2 particles.29 Because
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of the expected boost in both hardness and fracture toughness, SiC-TiB2 ceramics are
attractive for armor applications.15
Previous studies have focused on the increase in toughness of SiC-TiB2
composites due to thermal residual toughening, crack deflection, crack bridging, and
microcracking.36,77,78,81,82 Janney used indentation strength in bending to test the fracture
toughness of SiC with 15 vol.% TiB2, reporting a toughness of 4.5 MPa·m1/2.55 Using
single edge notch beam testing, McMurtry reported a fracture toughness of 6.8 MPa·m1/2
for SiC with 16 vol.% TiB2.56 Blanc showed the hardness/toughness tradeoff in a SiC
matrix by adding different amounts of sub-micron TiB2 particles. His results revealed
that hardness decreased from 30 GPa to 23 GPa while toughness increased from 3.5
MPa·m1/2 to 3.9 MPa·m1/2 when TiB2 content increased from 5 vol to 15vol.%.15 More
recently, Bucevac measured toughness using the indentation method for SiC-TiB2
ceramics with varying amounts of TiB2 particles that were formed in-situ. SiC with 12
vol.% TiB2 had a toughness of 4.3 MPa·m1/2 which increased to 5.3 MPa·m1/2 for a TiB2
content of 24 vol.%.16 Using post-sintering heat treatments for grain growth, a maximum
fracture toughness of 6.6 MPa·m1/2 was later reported by Bucevac. Bucevac did not
report how the increase in fracture toughness affected the materials hardness.83
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ABSTRACT
The microstructure and mechanical properties of SiC containing 15 vol.% of TiB2
particulates were studied. The first, designated ST, was prepared from commercially
available spray dried granules by hot pressing at 2225oC. The second, designated SiC15TiB2, was prepared from individual SiC and TiB2 powders by hot-pressing at 2030oC.
The average TiB2 particle sizes were 5.7 m for SiC-15TiB2, which had a uniform
distribution of TiB2, and 4.5 m for ST, which had a bimodal distribution of TiB2 particle
sizes. While the two ceramics both had hardness values of 26 GPa, the other properties
were different. SiC-15TiB2 had an average strength of 500 MPa compared to 350 MPa
for ST. Likewise, a fracture toughness of 4.3 MPa·m1/2 was measured for SiC-15TiB2
and 3.1 MPa·m1/2 for ST. In contrast, the Weibull modulus for the ST composite was 21
compared to 12 for SiC-15TiB2. The average TiB2 particle size for ST of 4.4 m was
above the threshold predicted for spontaneous microcracking. High resolution
microstructural analysis showed that microcracking was present in ST, which accounted
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for its higher Weibull modulus, but lower flexural strength, Young’s modulus and
fracture toughness compared to SiC-15TiB2.
INTRODUCTION
Ceramics such as silicon carbide (SiC), aluminum oxide (Al2O3), and boron
carbide (B4C) are typically used in armor applications because of their high hardness.1-3
For armor ceramics, the dwell time of a projectile at the interface of the armor system
increases as hardness increases.2 Typical hardness values for these common armor
ceramics are 20 GPa to 27 GPa for SiC, 10 GPa to 15 GPa for Al2O3, and 30 GPa for
B4C.1,4-6 Hauver introduced the concept of interface defeat, which was defined as the
ability of a hard surface to stop a projectile and prevent penetration of the projectile into
the underlying material.7 Lundberg has shown that increased toughness of a confined
ceramic increases the velocity needed to transition from interface defeat to penetration,
also known as transition velocity.4 Strength may also affect interface defeat. For
projectiles travelling below the velocity needed to penetrate the ceramic, the ceramic
retains a significant fraction of its original strength; however, above the penetration
velocity the ceramics have no retained strength.

8

Strength and fracture toughness are

also important for armor ceramics when multiple hit capability is desired.9

Many factors influence the ballistic performance of ceramics, so it is difficult to
identify one property that is the key to a good armor system.6 Instead of maximizing one
particular property, qualification testing is used to ensure repeatability of a group of
properties between different production lots. Gaussian distributions are commonly used
for statistical analysis of data sets; however, Gaussian distributions do not account for
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values that fall far from the mean, which can occur when analyzing the strength of brittle
ceramics. Weibull used basic probability theories to address this shortcoming of
Gaussian distributions.10,11 For brittle materials, Weibull proposed a material function
based on the probability of failure of a material with some number of flaws, designated
“n”, which act as possible weakest links. Equation 1 is a mathematical representation of
the material function that Weibull proposed where  is the failure strength/stress of a
material, 0 is the Weibull scale parameter, and m is the Weibull modulus.10 Both of the
unknown parameters (0, m) have physical significance. When a brittle specimen is
loaded, stresses develop in a volume of material that increases as the load increases. If
the volume of stressed material is equal to the mean volume of flaws, the probability of
failure is equal to 63%. The stress at this probability is the Weibull scale parameter, or
characteristic strength, 0. The Weibull modulus, m, can then be used to compare the
flaw size distribution among different sets of data. A material with a higher Weibull
modulus has a narrower flaw size distribution when compared to a similar material with a
lower Weibull modulus.

(1)

Silicon carbide-titanium diboride (SiC-TiB2) ceramics are attractive for armor
applications because they are both hard and tough compared to other ceramics.12 Table I
lists reported hardness and fracture toughness values for several commercial ceramic
armor materials. For the silicon carbide-based armors listed, those with higher fracture
toughness have lower hardness (i.e., an example of the classic property tradeoff). Ideally
for armor applications, both of these properties would be maximized since hardness
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increases dwell and fracture toughness enables multi-hit capability.9 Ceramic composites
with a particle reinforcing phase, like SiC with dispersed TiB2 particles, provide the
opportunity for toughening mechanisms such as microcracking, thermal residual
toughening, crack branching, and crack deflection.13-18 Many of these mechanisms arise
due to differences in the thermal expansion coefficients between the matrix and
reinforcing particles. Previous studies have focused on the increase in toughness of SiCTiB2 composites due to thermal residual toughening and microcracking. Janney used
indentation strength in bending to test the fracture toughness of SiC with 15 vol.% TiB2,
reporting a toughness of 4.5 MPa·m1/2.19 Using single edge notch beam testing,
McMurtry reported a fracture toughness of 6.8 MPa·m1/2 for SiC with 16 vol.% TiB2.20
Blanc showed the hardness/toughness tradeoff in a SiC matrix by adding different
amounts of sub-micron TiB2 particles. His results revealed that hardness decreased from
30 GPa to 23 GPa while toughness increased from 3.5 MPa·m1/2 to 3.9 MPa·m1/2 when
TiB2 content increased from 5 to 15vol.%.12 More recently, Bucevac measured
toughness using the indentation method for SiC-TiB2 ceramics with varying amounts of
TiB2 particles that were formed in-situ. SiC with 12 vol.% TiB2 had a toughness of 4.3
MPa·m1/2 which increased to 5.3 MPa·m1/2 for a TiB2 content of 24 vol.%.18 Using postsintering heat treatments for grain growth, a maximum fracture toughness of 6.6
MPa·m1/2 was later reported by Bucevac.21

The purpose of this paper is to evaluate the mechanical properties of two different
SiC ceramics reinforced with 15 vol.% TiB2. Two different starting powders were used
to produce ceramics that had different microstructures. In addition, strengths of the
resulting ceramics were compared using a two parameter Weibull analysis.
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EXPERIMENTAL PROCEDURE
Two processing methods were utilized to produce SiC-TiB2 composites
containing nominally 15% TiB2 by volume. A commercial source for SiC-TiB2 (St.
Gobain Ceramics; Hexoloy ST; Niagra Falls, NY) consisting of spray dried granules was
used to produce hot-pressed billets designated as “ST”. In addition, a second set of
billets designated “SiC-15TiB2” was produced from individual SiC (H.C. Starck; Grade
UF-25; -SiC; Newton, MA) and TiB2 (Momentive; Grade HCT-F; Columbus, OH)
powders. To promote densification of SiC-15TiB2, 1 wt% B4C (H.C. Starck; Grade HS)
and sufficient phenolic resin (Georgia Pacific Chemicals, Atlanta, GA) to produce 2 wt.%
C were mechanically mixed for two hours with the SiC and TiB2 powders in a
polyethylene jar using TiB2 milling media in acetone. The resulting slurry was dried by
rotary evaporation to minimize segregation of the constituents. The SiC-15TiB2 powder
was then ground and sieved to a -60 mesh before hot-pressing.

Billets nominally 55 mm by 55 mm by 5mm thick were hot pressed in a graphite
element furnace (Thermal Technologies Inc., Model HP50-7010G, Santa Rosa, CA). A
heating rate of 50oC/min was used. Initially, the powder was heated under a vacuum of
~30 Pa (200 millitorr). Isothermal holds were employed at 1500oC and 1700oC to allow
vacuum recovery as oxide contamination on the surfaces of the powder particles was
removed as volatile species. At 1500oC the isothermal hold time was 2 hours. The
furnace was then held at 1700oC until the chamber pressure returned to the nominal
vacuum level of ~30 Pa. Before ramping to the final densification temperature, the
furnace atmosphere was switched from vacuum to flowing argon. SiC-15TiB2 powders
were densified at 2030oC with 32 MPa pressure. Pressing ceased when recorded ram
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travel had stopped for a period of ten minutes. Hot pressing of ST was performed with
the same ramp rate, isothermal hold temperatures, and pressure, except that the final hold
temperature was 2225oC. Loose ST granules, ~15 grams, were also sintered in furnace
(Thermal Technologies Inc., Model 1000-4560-FP30) to 2175oC without applied
pressure.

The bulk density of all billets was measured using the Archimedes’ method.
Theoretical densities of 3.22, 4.52, 2.52, and 2.27 g/cm3 and volume percents of 81.3,
14.4, 1.3, and 3.0 for SiC, TiB2, B4C and C, respectively, were used in calculating a
volumetric rule of mixtures density of 3.37 g/cm3. The billets were machined into
mechanical test bars using an automated surface grinder (Chevalier Machinery Inc.,
Model FSG-3A818, Santa Fe Springs, CA) following the guidelines of ASTM C116102c for B-bars (3 mm by 4 mm by 45 mm) with a 600 grit surface finish. Specimens were
tested in four point bending with a fully articulated fixture, using a screw-driven load
frame (Instron, Model 5881, Norwood, MA) that was computer controlled (Instron,
Bluehill 2, Norwood, MA). A total of 40 flexure bars of ST and 39 of SiC-15TiB2 were
tested to failure. The failure strengths of all of the test bars were included in the Weibull
analysis. Applied load was measured using a 2 kN load cell and used to determine failure
stress ().

Strain was recorded from a deflectometer and used along with load to

calculate Young’s modulus (E). Two parameter Weibull distributions were calculated
from the failure stresses. In addition to Young’s modulus values determined from loaddeflection curves, elastic constants were also determined using the impulse excitation
method (Grindosonic Mk5 Industrial, J.W. Lemmens Inc., Heverlee, Belgium) following
ASTM C1259-08e1.
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Vickers’ hardness was measured (Struers Inc., Duramin 5, Cleveland, OH) using
a load of 1 kg with a 15 s dwell time. Reported values were an average of 10 hardness
indents. Hardness specimens were prepared by mounting sections of broken flexure bars
in an epoxy resin and polishing to a mirror finish using successively finer diamond
abrasives down to 0.25 µm. Fracture toughness was determined using direct crack
measurements.

Specimens were indented (Leco Corporation, Model V-100-A2, St.

Joseph, MI) with a load of 5 kg on a polished surface with a Vickers diamond tip
followed by measurement of the length of radial median cracks formed during
indentation.22

Using broken flexure bars, microscopy of polished specimens was performed
using both optical (Epiphot 200, Nikon, Tokyo, Japan) and scanning electron
microscopes (S-570, Hitachi, Tokyo Japan and Helios Nanolab 600, FEI, Hillsboro, OR).
Area fractions of the constituent phases and porosity were determined using computer
image analysis (ImageJ, National Institutes of Health, Bethesda, MD). Particle size was
determined by equating average particle area to the area of a sphere with equivalent
diameter. Chemical analysis was performed using energy dispersive spectroscopy (Sirius
SD, SGX Sensortech Ltd., Wooburn Green, England) in combination with Revolution
software (4pi Analysis Inc., Hillsborough, NC). In addition to the dense billets, loose,
sintered ST granules were cross-sectioned for microscopy by covering the bottom of a
1.25 in. epoxy mount with a layer of sintered granules, mounting in epoxy and grinding.
Once cross-sectioned, the granules were polished using successively finer diamond
abrasives down to 0.25 µm.
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RESULTS AND DISCUSSION
Hot pressing produced dense specimens for both compositions. Bulk densities
were 3.37 g/cm3 for both ST and SiC-15TiB2 (Table II). SEM micrographs (Figure 1)
confirmed that both ST and SiC-15TiB2 were nearly fully dense. Most of the dark areas
in the images were either B4C or C, which were added as sintering aids. A limited
number of pores were visible. Some pores were trapped within TiB2 grains while others
were in the SiC matrix. The area fraction of porosity calculated using computerized
image analysis was less than 1 vol.%. Hence, both composites were considered to be
fully dense and porosity was not considered to have a significant impact on the measured
properties of the two materials.

Microstructural information obtained using scanning electron microscopy showed
that TiB2 distribution differed between the two materials. Figure 1 gives a side-by-side
comparison of ST (1a) and SiC-15TiB2 (1b), cut perpendicular to the hot pressing
direction. The area fraction of TiB2 was 12.1% for ST and 15.3% for SiC-15TiB2. Based
on the average area of TiB2 particles, the equivalent circular diameters for the isolated
TiB2 regions were 2.3 m for ST and 2.7 m for SiC-15TiB2. Measured densities were
consistent with TiB2 contents of 15 vol.% for both composites, assuming full density.
However, in the case of ST, agglomeration of TiB2 particles led to a bimodal distribution
of TiB2 particle sizes, which is apparent in Figure 1a with some larger (~5 µm diameter)
and some smaller (<1 µm diameter) particles. To determine the cause of agglomeration,
cross sections of sintered ST granules were examined using SEM (Figures 2). The cross
sections and EDS map show that TiB2 segregated to the outer surface of the spray dried
ST granules.

While both composites had nominally identical amounts of TiB2 and

36
similar average TiB2 particle sizes, SiC-15TiB2 (Figure 1b) had a more uniform
distribution of the TiB2 particulate phase compared to ST (Figure 1a).

The structure of the spray dried granules was retained in the ST ceramics after hot
pressing. Figure 3 shows an optical micrograph of a cross section of an ST ceramic that
was cut perpendicular to the hot pressing direction. The image shows light colored
features on the order of 70 µm in diameter, which are the remnants of the spray dried
granules. As shown in Figure 2, TiB2 was segregated to the outside of the granules prior
to hot pressing and this distribution was maintained through the hot pressing process.
However, the uniform starting granule size led to the development of a microstructure
with a regular TiB2 distribution indicative of the segregation in the spray dried granules.

Table II summarizes the mechanical properties of the two different ceramic
materials. The Vickers hardness values for both ceramics were ~26 GPa when measured
with an indentation load of 1 kg. Based on hardness values of 33 GPa for TiB2 and 27
GPa for SiC, a volumetric rule of mixtures calculation predicts a composite hardness
value of 28 GPa for SiC containing 15 vol.% TiB2.5 In general, hardness values are
affected by factors such as grain size, the presence of grain boundary phases, porosity,
and processing conditions. Microcracking can also affect measured hardness values. For
materials with anisotropic crystal structures (i.e., hexagonal TiB2 or SiC) microcracking
can develop due to residual thermal stresses.23-25 In SiC-TiB2, microcracking can also
result from the residual thermal stresses that develop during cooling from the
densification temperature due to the difference in the coefficient of thermal expansion
(CTE) values of the two constituents. The CTE along the c-direction for SiC and TiB2
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are 4.45 x 10-6/oC and 8.6 x 10-6/oC, respectively. In the a-direction, SiC has a CTE of
3.67 x 10-6/oC and TiB2 has a value of 6.6 x 10-6/oC.24,26,27 Despite hardness values that
are lower than expected based on a rule of mixtures calculation, the composite hardness
of 26 GPa is still higher than reported for many typical ceramic armors (Table I).1,2

Young’s modulus values were calculated from stress-strain curves for ST and
SiC-15TiB2. The modulus of SiC-15TiB2 was 45821 GPa, which was higher than the
value of 41713 GPa, that was determined for ST. Elastic constants were also measured
using impulse excitation testing with Young’s modulus values determined to be 4654
GPa for SiC-15 TiB2 and 4335 GPa for ST. Using a volumetric rule of mixtures
calculation and assuming values of 450 GPa for SiC and 560 GPa for TiB2, the predicted
Young’s modulus value was 467 GPa for both materials.24,28

Hence, the Young’s

modulus of SiC-15TiB2 determined by both methods was close to the expected value,
while the value for the ST ceramics was lower than expected. Gu and Faber observed a
similar drop in measured Young’s modulus for a SiC-TiB2 ceramic.13 Their analysis of
the stress-strain behavior in tensile testing revealed non-linear behavior and a drop in
Young’s modulus, which was attributed to microcracking in their material. For the
present study, non-linear behavior was not observed in the load-deflection curves
generated during flexure testing, but the Young’s modulus of the ST ceramic was lower
than expected, which might be an indication of microcracking in that material.

The average flexural strengths were 380 MPa for ST and 500 MPa for SiC15TiB2. In addition, Weibull analysis was used to determine characteristic strengths
where the probability of survival was 37% based on original work by Weibull.10 The
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characteristic strengths were similar to the average strengths at 390 MPa for ST and 520
MPa for SiC-15TiB2. The SiC-15TiB2 composite had a higher strength than ST, but the
linear regression fit of the strength data in Figure 4 showed that the Weibull modulus of
ST was 21 compared to 12 for SiC-15TiB2. The higher Weibull modulus indicates a
tighter statistical grouping of strengths for ST, but does not provide insight into why the
strength distribution was narrower. The uniform granule distribution shown in Figure 3
may contribute to the increase in Weibull modulus since a more regular microstructure
would lead to a more uniform distribution of flaw sizes.29 So, the higher Weibull
modulus of ST indicates a narrower distribution of flaw sizes, but the lower average
strength means that the average critical flaw size is larger for ST than for SiC-15TiB2.

SiC-15TiB2 had a fracture toughness of 4.3 MPa·m1/2, which was about 30%
higher than the value of 3.1 MPa·m1/2 measured for ST. For SiC armors with a similar
hardness (Table I) the toughness of both ST and SiC-15TiB2 remained higher while
retaining

hardness above 25 GPa.

The equations of Taya et al. can be used to estimate the

toughening effect of particulate composite ceramics due to thermal residual stresses that
arise from differences in the CTE values of the constituent phases.15 The stress value in
the SiC matrix was calculated to be -350 MPa (compressive) while a stress of 1975 MPa
(tensile) was estimated in the TiB2 particulate phase. The average particle spacing ( ),
which is illustrated in Figure 5, was calculated using Equation 2 where d p is the average
particle diameter and F is the volume fraction of particles.30 Then,

was combined with

the average matrix stress to estimate the toughening due to thermal residual stresses using
Equation 3.15
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The changes in toughening (KI) for SiC-15TiB2 and ST were calculated to be 0.66 and -0.60 MPa·m1/2, respectively. Since TiB2 acts to pin the grain growth in SiC,
the toughness of the matrix would be expected to be similar to the toughness of a fine
grained (~110 nm) SiC with no sintering aids, which was reported to be ~2 MPa·m1/2.31
Assuming this value of 2 MPa·m1/2 to be the baseline for the matrix in the current study,
SiC-15TiB2 has a toughness that is 2.3 MPa·m1/2 higher than the matrix while the
toughness of ST is 1.1 MPa·m1/2 higher than the matrix. Therefore, the residual thermal
stress would only increase fracture toughness from ~2 MPa·m1/2 for pure SiC to ~2.6
MPa·m1/2 for the composites. Since the composite toughening for SiC-15TiB2 was ~2.3
MPa·m1/2 compared to fine-grained SiC ceramics, toughening due to thermal residual
stresses was not the only toughening mechanism operating in SiC-TiB2 composites.
Figure 6 also shows a crack extending from the end of an indentation in SiC-15TiB2,
which appears to deflect around TiB2 particles. In addition, the crack appears to branch
within a larger TiB2 particle. While crack deflection and bridging increase toughness
compared to fine-grained SiC, they should provide similar increases in toughness for both
ST and SiC-15TiB2.12,32

Hence, some other mechanism is needed to explain the

differences in toughness values between the ST and SiC-15TiB2 ceramics. Elucidation of
the reason for the difference in toughness may also explain the drop in strength and
increase in Weibull modulus for ST compared to SiC-15TiB2.
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Microcracking has previously been cited as a toughening mechanism in SiC-TiB2
ceramics.13,16,18 If present, microcracks may render other toughening mechanisms like
thermal residual toughening ineffective by releasing some or all of the residual stresses
when the cracks are formed.33 The lower than expected values for Young’s modulus and
strength, combined with the increases in fracture toughness and Weibull modulus, may
also indicate the presence of microcracking in the ST composite.34,35

To compare

toughening due to crack deflection in ST and SiC-15TiB2, the angles of each of the crack
deflections occurring in the four radial median cracks from one of the Vickers indents
obtained using a 5 kg load were measured. SiC-15TiB2 had an average angle of
deflection of 29o19o from a total of 53 deflections. Similarly, ST had an average
deflection angle of 25o16o from a total of 33 deflections. The difference in the number
of deflections is likely due to the difference in TiB2 distribution as SiC-15TiB2 had a
more uniform distribution of dispersed TiB2 particulate while ST contained larger
agglomerates or clusters of TiB2 grains.

In addition, the TiB2 agglomerates were

distributed at a larger path length of ~70 µm on average (Figure 3). In ST, the larger TiB2
agglomerates acted like larger TiB2 particles. Based on the calculations of Magley,
microcracking is expected to occur for TiB2 particle sizes over 4.4 m.36 Because the
average TiB2 particle size for ST and SiC-15TiB2 are below the calculated value for
spontaneous microcracking, microcracking would not be expected in either ceramics.
However, large TiB2 particles were not observed in SiC-15TiB2 due to the uniform TiB2
distribution. SEM analysis shown in Figure 7 confirmed that microcracking was present
in the ST ceramic. Both circumferential/ring microcracks and radial microcracks were
observed, which would release tensile thermal residual stresses. While circumferential
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microcracking can boost toughness in a stress-free matrix, radial microcracks can lead to
larger inherent flaw sizes, which can reduce the strength of the material.29,37

Crack tip shielding through transformation or microcrack toughening act as
mechanisms that reduce the driving force at the tip of a propagating crack. Because of
this, the driving force of the crack must be increased to sustain cracking as crack length
increases.38 In other words, materials with microcracks can exhibit R-curve behavior.
Gu and Faber noted that in a SiC-TiB2 ceramic with a non-uniform TiB2 particle size
distribution that localized changes in fracture toughness as a crack advanced through the
areas of differing stress states could give rise to R-curve behavior.16 While R-curve
testing was not performed in the present study, the presence of microcracking and the
bimodal TiB2 distribution showed that the ST composite had characteristics similar to
materials that exhibit R-curve behavior. In turn, R-curve behavior contributes to an
increase in the Weibull modulus by reducing the distribution of strengths. 29,39-42 The
combination of the uniform granule size distribution and microcracking in the ST ceramic
boosted the Weibull modulus, while decreasing strength and Young’s modulus compared
to SiC-15TiB2, which had a uniform distribution of TiB2 particles.

CONCLUSIONS
Two different SiC ceramics containing nominally 15 vol.% TiB2 were produced
using different green processing techniques and both were densified by hot-pressing.
Commercially available spray dried granules (ST) and a mixture of SiC-TiB2 (SiC15TiB2) had the same Vickers hardness of 26 GPa. Both ceramics also exhibited higher
fracture toughness values compared to other high hardness ceramic armor materials. The
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Young’s modulus for SiC-15TiB2 was 465 GPa, which matched well with a value of 467
GPa predicted for the nominal composition using a rule of mixtures calculation.
However, the Young’s modulus of ST was lower, 433 GPa. Weibull analysis of strength
data showed that the average strength of SiC-15TiB2 was 500 MPa, which was higher
than the strength of ST (380 MPa). The Weibull moduli of the SiC-15TiB2 and ST
composites were determined to be 12 and 21, respectively. Toughness measured using
the direct crack method resulted in a toughness of 4.3 MPa·m1/2 for SiC-15TiB2, which
was ~30% higher than ST at 3.1 MPa·m1/2 even though both composites contained the
same amount of TiB2. A decrease in both strength and Young’s modulus, along with an
increase in Weibull modulus, indicated that microcracking was likely to be present within
the ST ceramic. High resolution SEM analysis was used to verify the presence of
microcracking in the ST composite.

Microcracking likely released tensile thermal

residual stresses in the TiB2 particles and lowered the toughness of ST compared to SiC15TiB2. Combined with a regular architecture, microcracking led to a narrower flaw size
distribution and a concomitant higher Weibull modulus in the ST ceramic compared to
SiC-15TiB2.
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Table I: Reported Hardness and Fracture Toughness Values for Common Armor
Ceramics
Hardness (GPa)

Fracture Toughness (MPa·m1/2)

20.61.2

5.00.5

24.5

3-4

SiC-N4

27.161.76

2.750.32

SiC-SC-1RN4

28.851.92

2.840.22

14.1

4-5

Material
SiC-B (Cercom)1
SC-RB (CoorsTek)

CAP 3 (CoorsTek)
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Table II: Summary of Density and Mechanical Properties of ST and SiC-15TiB2
Ceramics
Composite

Bulk

Relative Strength Young’s

Density Density
(g/cm3)

(MPa)

(%)

Modulus,

Young’s

Hardness Fracture

Modulus, (GPa)

(MPa·m1/2)

Stress/strain Impulse
(GPa)

(GPa)

Toughness

ST

3.37

<99%

37921

41716

430

25.71.1

3.10.2

SiC-15TiB2

3.37

<99%

49948

45821

468

26.01.8

4.30.4
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Figure 1. Cross sections perpendicular to the hot-pressing direction of (a) ST and (b) and
SiC-15TiB2 revealing the individual phases of TiB2 (light grey), SiC (dark grey), and
B4C/C/pores (black).
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Figure 2. SEM image of sintered ST spray dried granules (a) and accompanying EDS
phase mapping showing Ti dispersion in spray dried ST granules (b).
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Figure 3. Optical micrograph of an ST billet perpendicular to the hot pressing direction
showing that TiB2 (lighter contrast) is preferentially distributed around SiC-rich regions.

53

Figure 4. Weibull analysis of the ST and SiC-15TiB2 composites where the characteristic
strengths were 390 and 520 MPa and the Weibull moduli were 21 and 12, respectively.
Average strengths were 380 for ST and 500 MPa for SiC-15TiB2.
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Figure 5. Schematic of particles dispersed in a matrix showing the particle diameter (dp)
and interparticle spacing ( .
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Figure 6. Radial median crack extending from the end of an indent showing crack
deflection around TiB2 particles and crack branching within TiB2 particles.
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Figure 7. SEM image showing a circumferential microcrack around a TiB2 particle
running through both the particle and the SiC matrix.
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II. SILICON CARBIDE-TITANIUM DIBORIDE CERAMIC COMPOSITES
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Missouri University of Science and Technology
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1400 N. Bishop Ave.
Rolla, MO 65409

ABSTRACT
The effect of TiB2 content on mechanical properties of silicon carbide-titanium
diboride ceramic composites was studied. The hardness of the ceramics decreased with
increasing TiB2 content. Monolithic SiC had a Vickers hardness of 27.8 GPa while
monolithic TiB2 had a hardness of 24.4 GPa. In contrast, fracture toughness of the
ceramics increased from 2.1 MPa·m1/2 for nominally pure SiC to ~6 MPa·m1/2 for SiC
with TiB2 contents of 40 vol.% or higher. Flexure strengths were measured for three
composites SiC-15TiB2, SiC-20TiB2, and SiC-40TiB2 and the results were analyzed
using a two parameter Weibull analysis. The ceramic containing 20 vol.% TiB2 was the
strongest with an average strength of 522 MPa. The ceramic containing 40 vol.% TiB2
was the weakest with an average strength of 423 MPa. As TiB2 content increased, the
Weibull modulus increased from 12 for a TiB2 content of 15 vol.% to 17 for TiB2
contents of 20 and 40 vol.%. Analysis of the microstructure revealed microcracking in
the composites containing 20 and 40 vol.% TiB2 which accounted for the increased
Weibull modulus and decreased hardness. The ceramic containing 40 vol.% TiB2 had the
best combination of properties with a fracture toughness of 6.2 MPa·m1/2, hardness of
25.3 GPa, Weibull modulus of 17, and a strength of 423 MPa.
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INTRODUCTION
Silicon carbide (SiC) is a strong, hard, and chemically inert ceramic used in
several applications that involve extreme environments.1-5 In armor applications, the
high hardness of SiC, which is commonly reported to be in the range of 20 to 27 GPa, is
advantageous for projectile defeat.6,7 Like most ceramics, however, SiC is brittle due to
its low fracture toughness (2 to 5 MPa·m1/2), whereas a high fracture toughness is
advantageous for multi hit capability.4,5,8,9 The fracture toughness of SiC based ceramics
can be improved to as high as 6 to 9 MPa·m1/2 with additives that promote densification
and crack propagation along the grain boundaries as well as increasing the grain size.1,8,10
However, an increase in toughness is typically accompanied by a drop in hardness.8,9,11-13
Flinders et al. reported a hardness of 20 GPa and a fracture toughness of 2.6 MPa·m1/2 for
SiC with no sintering additives, but saw the hardness drop to 14 GPa while fracture
toughness increased to 6.7 MPa·m1/2 for SiC with 3 wt.% aluminum sintering aids.8
Titanium diboride (TiB2) exhibits a high hardness (25-35 GPa) and may help combat the
hardness/toughness tradeoff when added as a reinforcing phase in SiC.14-17

Studies on SiC-TiB2 composites have mainly focused on the increase in
toughness, which has been attributed to crack deflection and bridging effects due to the
presence of TiB2 particles.17-21 SiC has a thermal expansion coefficient (CTE) along the
c-direction of 4.45 x 10-6/oC and 3.67 x 10-6/oC along the a-direction. TiB2, however, has
a higher CTE in each direction: 8.6 x 10-6/oC along the c-direction and 6.6 x 10-6/oC along
the a-direction.14,22,23 This mismatch in CTE values puts the SiC matrix in compression
and the TiB2 particles in tension after cooling from the typical densification temperatures
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(1900-2200oC) in a SiC-TiB2 ceramic composite.17,24,25 The mismatch promotes
toughening due to the thermal residual stresses and resulting crack deflection that can
occur as cracks are drawn to the interface between the SiC matrix, which is in
compression, and the TiB2 particles where the highest tensile stresses exist.26 Blanc
showed an increase in toughness from 3.5 MPa·m1/2 to 3.9 MPa·m1/2 with a hardness
decrease from 30 GPa to 23 GPa as TiB2 content increased from 5 to 15 vol.%.15
Bucevac, measuring toughness using the indentation method, saw a toughness boost from
4.3 MPa·m1/2 to 5.3 MPa·m1/2 as TiB2 content increased from 12 to 24 vol.%; however
hardness data was not presented.27

The purpose of this paper is to examine the properties of SiC-TiB2 ceramic
composites with TiB2 contents ranging from 0 to 100 vol.%. Fracture toughness and
hardness were measured for each composition. Based on their measured hardness and
fracture toughness values, Young’s modulus and flexure strength were measured for SiCTiB2 ceramics containing 15, 20, and 40 vol.% TiB2. A two parameter Weibull analysis
was used to analyze the behavior of SiC-TiB2 ceramics tested in flexure.

EXPERIMENTAL PROCEDURE
SiC-TiB2 ceramic composites with TiB2 contents ranging from 0 to 100 vol.%,
were batched using commercially available SiC (H.C. Starck; Grade UF-25; -SiC;
Newton, MA) and TiB2 (Momentive; Grade HCT-F; Columbus, OH) powders.

To

promote densification, 1 wt% B4C (H.C. Starck; Grade HS) and 2 wt.% C, in the form of
phenolic resin (GP 2074, Georgia Pacific Chemicals, Atlanta, GA), were ball milled with
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the SiC and TiB2 powders in a polyethylene jar using TiB2 milling media and acetone.
For the nominally pure SiC specimen, the same procedure was used except that SiC
media were used instead of TiB2 media. Compositions were designated as SiC-“X”TiB2
where “X” is the nominal volume percentage of TiB2. Resulting slurries were dried by
rotary evaporation to minimize segregation of the constituents. The SiC-TiB2 powders
were then ground and sieved to -60 mesh before hot-pressing.

Initial billets of each composition, nominally 2.5 cm in diameter, were densified
by hot pressing in a graphite element furnace (Thermal Technologies, H20-3060, Santa
Rosa, CA) using a graphite die. To minimize reaction between dies and billets, dies were
lined with graphite paper (0.254 mm thick GTA, Leader Global Technologies, Deer Park,
TX) that was coated with boron nitride spray (SP-108, Materion, Milwaukee, WI) before
the powder was loaded.

Die assemblies were heated under vacuum at a rate of

50oC/min. Isothermal holds were employed at 1450°C and 1650oC to facilitate removal
of oxide contamination from the surfaces of the powder particles.

At 1450oC the

isothermal hold time was 2 hours. The furnace was then held at 1650oC until the
chamber pressure returned to the nominal vacuum pressure of 27 Pa (200 mtorr). Above
1650°C, and up to the final densification temperature, the atmosphere was changed to
flowing argon at a pressure of ~105 Pa (~1 atm) and a uniaxial pressure of 32 MPa was
applied. The final densification temperature was 2100oC for nominally pure SiC and
TiB2 billets, but 1980oC for the intermediate compositions. Pressing ceased after ram
travel had stopped for a period of ten minutes, and the furnace was allowed to cool to
room temperature naturally. For compositions that were selected for flexure testing,
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billets that were nominally 55 mm by 55 mm by 5mm were hot pressed in a graphite
element furnace (Thermal Technologies Inc., Model HP50-7010G).

Because of the

larger die size, and increased powder volume, 50oC was added to the isothermal hold
temperatures, including the final densification temperature.

The bulk densities were measured for all billets using the Archimedes’ method.
The theoretical density for each composite was calculated based on the nominal
volumetric ratios of SiC and TiB2. The 55 mm by 55 mm by 5 mm billets were machined
into mechanical test bars using an automated surface grinder (Chevalier Machinery Inc.,
Model FSG-3A818, Santa Fe Springs, CA) following the guidelines of ASTM C116102c for B-bars (3 mm by 4 mm by 45 mm). Specimens were tested in four point bending
with a fully articulated fixture (20 mm upper span x 40 mm lower span), using a screwdriven load frame (Instron, Model 5881, Norwood, MA) that was computer controlled
(Instron, Bluehill 2, Norwood, MA). For SiC-15TiB2, 39 bars were tested to failure
while 36 bars were tested for SiC-20TiB2, and 38 for SiC-40TiB2. All of the specimens
from each composition were analyzed using a two parameter Weibull distribution,
calculated from the failure stresses. Elastic constants were determined using the impulse
excitation method (Grindosonic Mk5 Industrial, J.W. Lemmens Inc., Heverlee, Belgium)
following ASTM C1259-08e1.

Vickers’ hardness was measured (Struers Inc., Duramin 5, Cleveland, OH) using
a load of 1 kg with a 15 s dwell time. Reported values were an average of 10 hardness
indents. Hardness specimens were prepared by mounting sections of broken flexure bars
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and cross-sectioned billets in an epoxy resin and polishing to a mirror finish using
successively finer diamond abrasives to a 0.25 µm surface finish. Fracture toughness was
determined using direct crack measurements.

Specimens were indented (Leco

Corporation, Model V-100-A2, St. Joseph, MI) with a load of 5 kg on a polished surface
with a Vickers diamond tip followed by measurements of the radial median cracks
formed during indentation.28

Polished specimens were examined using scanning electron microscopy (S-570,
Hitachi, Tokyo, Japan and Helios Nanolab 600, FEI, Hillsboro, OR). Area fractions of
the constituent phases and porosity were determined using computer image analysis
(ImageJ, National Institutes of Health, Bethesda, MD). Particle size was determined by
equating average particle area to the area of a sphere with equivalent diameter.

RESULTS AND DISCUSSION
Table I summarizes the density values for each SiC-TiB2 ceramic. Theoretical
densities were calculated based on the nominal SiC and TiB2 contents without accounting
for sintering aids (C and B4C) since some of them were consumed by reaction with
surface oxide impurities during hot pressing.29-31 Because of the retention of some low
density B4C and/or C in the final ceramics, relative densities represent a lower bound for
the relative density and likely underestimate the actual relative density. Likewise, pores
can reduce the value of the measured bulk density of the ceramics. Even though the
relative density values may underestimate actual density, all of the relative densities were
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more than 97%, with most being 99%. Hence, hot-pressing proved to be effective for
densifying all of the compositions.

Microstructures were analyzed for all of the hot pressed composites (Figure 1).
The SEM images were consistent with the density measurements and supported the
conclusion that the specimens contained a small volume fraction of porosity (<1%). Both
residual sintering aids and porosity appear dark, but porosity could be identified as dark
inclusions with a light ring around them due to beam charging. Charging can also be
seen around grain pullout that occurred through the polishing procedure, but can be
distinguished from porosity due to the jagged corners, whereas pores appear circular.
While Figure 1f (nominally 100% TiB2) appears to be porous, the composition was 97%
dense (Table I). The residual B4C or carbon sintering aids that are retained after sintering
were apparent in the micrographs as dark regions without charging around them. In
addition to porosity and sintering additives, the SEM images also showed that the SiC
and TiB2 were uniformly distributed. Average TiB2 particle sizes were measured for
each ceramic and were used in the interpretation of strength data. Based on equivalent
circular diameters, the size of TiB2 particles increased from 2.1 m for SiC-15TiB2 to 6.3
m for SiC-20TiB2 and to 26.2 m for SiC-40TiB2. The increase in particle size as TiB2
content increased also led to an increase in the average distance between TiB2 particles.
As a result, a crack propagating through the microstructure must travel farther through
the SiC matrix between TiB2 inclusions in SiC-40TiB2 than in SiC-20TiB2 or SiC15TiB2.

The longer path through SiC should increase the toughening in SiC-TiB2

composites due to the presence of compressive thermal residual stresses in the SiC.16,27
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The measured Vickers hardness values for SiC-TiB2 ceramics decreased as TiB2
content increased (Table I). In contrast, an increase in hardness is expected as TiB2
content increases. Using reported hardness values of 27 GPa for SiC and 33 GPa for
TiB2, a volumetric rule of mixtures calculation can be used to estimate the increase in
hardness with increasing TiB2 content.7,14,15,32 For the measured values, nominally pure
SiC had the highest hardness at 28 GPa while SiC-80TiB2 and TiB2 had the lowest values
at 24 GPa. The drop in the hardness with increasing TiB2 content indicates a reduction in
the work of indentation, which may be related to the distribution of areas with residual
tensile stresses.33,34

Microcracking, which can be caused by crystal anisotropy in

nominally pure TiB2, or by thermal residual stresses within SiC-TiB2 composites, can
also decrease measured hardness values because the work of indentation is decreased
through the closing of microcracks.14,32 In the SiC-TiB2 ceramics, tensile stresses that
develop during cooling due to the CTE mismatch between SiC and TiB2 may lead to
microcracking, which could have led to the decrease in hardness when an increase was
expected.

Fracture toughness measurements are also summarized in Table I.

With

increasing additions of TiB2, fracture toughness increased from 2 MPa·m1/2 for nominally
pure SiC to 6.2 MPa·m1/2 for SiC-40TiB2.

The toughness values plateaued at ~6

MPa·m1/2 for SiC-TiB2 ceramics with TiB2 contents above 40 vol.%. For compositions
containing more than 40 vol.% TiB2, the microstructures transition from isolated TiB2
particles in a SiC matrix to isolated SiC particles in a TiB2 matrix. The change in the
number of SiC particles appeared to have no effect on the measured toughness since both
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SiC-60TiB2 and SiC-80TiB2 have the same nominal fracture toughness as nominally pure
TiB2 (~6 MPa·m1/2). Whereas TiB2 additions to SiC had a major effect on fracture
toughness due to the residual compressive stresses generated in the SiC matrix, the
addition of SiC to TiB2 did not appear to affect the toughness compared to nominally
pure TiB2.

Figure 2 shows hardness and fracture toughness as a function of TiB2 content.
The classic hardness/toughness tradeoff is apparent in these materials as the hardness
generally decreases across the composition range while the toughness increases.9,11-13
Compared to SiC, a decrease of 9% in hardness was observed as TiB2 content increased
from 0 to 40 vol.% while toughness increased by >195% for SiC-40TiB2 versus SiC.
With both hardness and toughness being key properties for armor applications, SiC40TiB2 appeared to have the best combination of hardness and fracture toughness of the
compositions tested, with a hardness of 25 GPa and fracture toughness of 6.2
MPa·m1/2.9,11,12,35

The magnitude of thermal residual stresses, and the toughening due to
compressive stresses within the matrix, were calculated over the range from processing
temperature (2030oC) to room temperature (25oC) using the method outlined by Taya et
al.16 As the volume of TiB2 increased, the magnitude of the tensile thermal residual
stresses in the TiB2 particles decreased from 1975 MPa in SiC-15TiB2 to 1389 MPa in
SiC-40TiB2. Over the same composition range, the compressive stress in SiC increased
from -349 MPa to -926 MPa. As the TiB2 content increases, the residual compressive
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stresses are distributed over a smaller volume fraction of SiC. As TiB2 transitions from
isolated particles to the matrix phase, the compressive stresses continue to build to ~1.5
GPa within the SiC particulate phase of SiC-80TiB2. Based on the magnitude of these
stresses, the amount of toughening due to compressive thermal residual stresses can be
calculated. Conversely, a decrease in toughening due to tensile thermal residual stress
can also be calculated using this method. This change in toughening, KI, was calculated
for composites containing 15, 20, and 40 vol.% TiB2.

The amount of toughening

was -0.58 MPa·m1/2 for SiC-15TiB2, -1.16 MPa·m1/2 for SiC-20TiB2, and -2.32 MPa·m1/2
for SiC-40TiB2. These calculated KI’s are equivalent to an increase in the toughening
of the ceramic composites, KR.16 Since TiB2 pins grain growth of the SiC matrix during
densification, a fine grained SiC matrix is produced. As a result, a fracture toughness of
2 MPa·m1/2 was used as a baseline value for the matrix, based on the reported fracture
toughness for SiC with an average grain size of ~110 nm.5 Based on thermal residual
toughening the composite toughness should be 2.6 MPa·m1/2 for SiC-15TiB2, 3.2
MPa·m1/2 for SiC-20TiB2, and 4.3 MPa·m1/2 for SiC-40TiB2. However, the expected
increase in toughness for SiC, due to thermal residual stresses and compared to the
baseline, value falls short of the measured KIC values for all of the compositions. In other
words, additional KR from other sources is needed to explain the toughness values
measured for each ceramic composite. In a similar system (ZrB2-SiC), Watts et al.
showed using neutron diffraction that this temperature range may not be the optimum
range as stresses between two different phases may start to accumulate at temperatures
below the processing temperature (~1400oC for ZrB2-SiC).36,37 Because of this, the
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calculated thermal residual stress may be lower than calculated and the calculated KR
may also not be as large as expected.

Crack deflection around particles is another possible toughening mechanism in
ceramic composites. In many SiC-TiB2 composites, crack deflection is thought to be the
main mechanism of toughening.17,19-21,24 Indeed, as a crack propagates through a SiC
matrix that is in compression, the radial tensile stresses in the TiB2 particles draws the
crack(s) to these regions of the microstructure, which reduces the driving force for crack
propagation in the tensile regions.26 In the present study, crack deflections were observed
near TiB2 grains (Figure 3) by examining the paths of the radial/median cracks produced
by indentations used in the determination of fracture toughness. For SiC-15TiB2, a total
of 53 deflections were counted in the four radial/median cracks produced by a 5 kg indent
in a previous study.38 The presence of crack deflection shows that in SiC-TiB2 ceramics
more than one toughening mechanism enhances fracture toughness.

The strongest SiC-TiB2 composition tested in flexure was SiC-20TiB2, with an
average strength of 522 MPa. The next highest strength was 500 MPa for SiC-15TiB2
followed by 423 MPa for SiC-40 TiB2. The characteristic strengths were determined
from the Weibull analysis.

The characteristic strength is the value at which the

probability of survival is 37%. The characteristic strengths follow the same pattern as the
average strengths with the highest characteristic strength of 539 MPa for SiC-20TiB2, the
middle strength of 520 MPa for SiC-15TiB2, and the lowest strength of 436 MPa for SiC40TiB2. The increasing matrix compressive stress due to the CTE mismatch between

68
TiB2 and SiC seems to increase the strengths of SiC-15TiB2 and SiC-20TiB2 compared to
nominally pure SiC. However, the trend did not follow for higher TiB2 contents. For
SiC-40TiB2, the compressive stresses in the SiC matrix (-926 MPa) did not correlate to
higher average strength. In this case, the lower strength indicates a larger flaw size in
SiC-40TiB2, which may indicate the presence of microcracking.26

Flexure strengths were analyzed using a two parameter Weibull analysis. Figure
4 shows the Weibull plot for each SiC-TiB2 composition that underwent flexure testing.
As TiB2 content increased, so did the Weibull modulus. A Weibull modulus of 12 was
calculated for SiC-15TiB2, which increased to 17 for SiC-20TiB2 and SiC-40TiB2.
Unlike the strengths, the TiB2 content did not have a detrimental effect on the Weibull
modulus. The higher Weibull modulus of SiC-20TiB2 and SiC-40TiB2 indicates that
both of these SiC-TiB2 ceramics have a smaller critical flaw size distribution than SiC15TiB2.

Young’s modulus measurements using the dynamic impulse method were made
on each composition that underwent Weibull analysis. Using Young’s modulus values of
450 GPa for SiC and 560 GPa for TiB2, a volumetric rule of mixtures calculation was
also used to predict modulus values for the different compositions..14,39 A measured
value of 4644 GPa for SiC-15TiB2 agreed well with the predicted value of 467 GPa. In
contrast, measured values of 4545 GPa for SiC-20TiB2 and 4821 GPa for SiC-40TiB2
fell below their predicted values of 472 GPa and 494 GPa. Based on the strength trends,
thermal residual stresses seem to boost the strength of SiC-20TiB2 due to the higher
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compressive stresses in the SiC matrix compared to SiC-15TiB2; however, thermal
residual stresses may have been high enough in SiC-40TiB2 to initiate microcracking,
which gave that composition the lowest strength. Since porosity was minimal in all of
the compositions, the decreases in Young’s moduli support the conclusion of
microcracking in SiC-40TiB2 and SiC-20TiB2.

Since many of the differences between measured values of mechanical properties
and the expected values could be explained by microcracking, the particle size needed for
spontaneous microcracking was calculated for each of the compositions examined using
Weibull analysis.40 The critical TiB2 particle size was calculated to be ~10 m for SiC15TiB2 and SiC-20TiB2. In SiC-40TiB2, a higher fracture toughness led to an increase in
the critical TiB2 particle size for spontaneous microcracking, which was calculated to be
~21 m. While the average particle size of TiB2 in SiC-15TiB2 and SiC-15TiB2 was
below the calculated threshold for spontaneous microcracking, the maximum particle
sizes measured were 14.3 m and 23.0 m, respectively. However, in SiC-15TiB2
particle sizes over 10 m occurred at a frequency of 0.3% compared to 9% of TiB2
particles in SiC-20TiB2 that were over the threshold. Because of the low percentage of
particles above the threshold in SiC-15TiB2, if microcracks existed, they would not be
expected to affect the properties of the ceramic. This is similar to how small amounts of
porosity are often assumed to have a negligible effect.26,41 In SiC-20TiB2, however, the
drop in hardness and Young’s modulus are consistent with the presence of
microcracking. In SiC-40TiB2, TiB2 particle size is above the calculated limit. To
complement the calculations, high resolution SEM images (Figures 5 and 6) show what
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appear to be circumferential microcracks at the interface between the TiB2 particles and
the SiC matrix grains in both SiC-20TiB2 and SiC-40TiB2.

Even though crack deflection was prevalent in each SiC-TiB2 composites,
microcracking can also lead to a rise in toughening as has been reported for SiC-TiB2
ceramics.42-44

Circumferential microcracking leads to an increase in toughness by

shielding the tip of a propagating crack.40,42,45 As circumferential microcracking is seen
in both SiC-20TiB2 and SiC-40TiB2, but not SiC-15TiB2, microcracking appears to have
a major effect on increasing the fracture toughness of SiC-TiB2 composites compared to
toughening through thermal residual stresses and crack deflection.

In SiC-20TiB2 and SiC-40TiB2, microcracking is the likely cause of the higher
Weibull moduli compared to the non-microcracked SiC-15TiB2. Since both ceramics had
TiB2 particle sizes large enough to expect spontaneous microcracking, stress induced
microcracking would also be expected during flexure testing.46

In ceramics, a

microcracked process zone due to stress induced microcracking can lead to crack tip
shielding, allowing the material to exhibit R-curve behavior.42,45,47 R-curve behavior was
not tested in the present study, but increasing R-curve behavior has been reported to
accompany an increase in Weibull modulus in previous studies.42,48-50 While microcracks
were observed in SiC-20TiB2 (Fig. 5), they appeared to have no effect on the strength of
the ceramic as the strength of SiC-20TiB2 was higher than SiC-15TiB2.

However,

microcracking can increase the flaw size, which reduces the strength, as seen in SiC40TiB2. Therefore, the measured strength of SiC-20TiB2 may be lower than a SiC-20TiB2
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ceramic without microcracking.26,51 Similarly, in a previous study, SiC-15TiB2 was
compared to a ceramic produced using commercially available SiC-TiB2 spray dried
granules with 15 vol.% TiB2. While SiC-15TiB2 did not exhibit microcracking, the
ceramic produced from commercially available spray dried granules exhibited
microcracking and suffered a drop in strength compared to SiC-15TiB2.38 Compared to
the other SiC-TiB2 composites, an increased fracture toughness (6.2 MPa·m1/2), high
hardness (25.3 GPa) and a high Weibull modulus (17) make SiC-40TiB2 a good
candidate for ceramic armor consideration.

CONCLUSIONS
The mechanical properties were studied for SiC-TiB2 ceramics as a function of
TiB2 content. The hardness decreased almost linearly from 27 GPa for nominally pure
SiC to 24 GPa for nominally pure TiB2. Fracture toughness increased from 2 MPa·m1/2
for nominally pure SiC to a value of ~6 MPa·m1/2 for TiB2 contents of 40 vol.% and
higher. Weibull analysis was used to evaluate the strength of three compositions, SiC15TiB2, SiC-20TiB2, and SiC-40TiB2. SiC-20TiB2 had the highest flexural strength at
522 MPa followed by SiC-15TiB2 at 500 MPa and SiC-40TiB2 at 423 MPa. The lower
strength of SiC-40TiB2 combined with a lower-than-expected hardness value of 25 GPa
suggested that microcracks were present in SiC-40TiB2.

Young’s modulus

measurements also suggested that microcracks existed in both SiC-20TiB2 and SiC40TiB2. The measured Young’s modulus value for SiC-15TiB2, was 464 GPa, which
agreed well with a predicted value of 467 GPa using the nominal composition and
modulus values for nominally pure SiC and TiB2. In contrast, the Young’s modulus
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values measured for SiC-20TiB2 (454 GPa) and SiC-40TiB2 (482 GPa) were below the
predicted values of 472 GPa and 494 GPa, further indicating that microcracks may be
present in these compositions. Threshold particle sizes for spontaneous microcracking
were calculated to be ~10 µm in SiC-15TiB2 and SiC-20TiB2 and ~21 µm in SiC-40TiB2.
Analysis by SEM revealed that TiB2 particle size increased from 2.1 m in SiC-15TiB2
and 6.3 m in SiC-20TiB2 to 26.2 m in SiC-40TiB2. While both SiC-15TiB2 and SiC20TiB2 had average particle sizes under the spontaneous microcracking threshold, 10% of
the measured particles in SiC-20TiB2 were above the 10 m mark and microcracking
may not have had the same effect on the strength of SiC-40TiB2. High resolution SEM
was used to find evidence of the presence of circumferential microcracks at the interface
between the TiB2 particles and the SiC matrix grains in SiC-20TiB2 and SiC-40TiB2.
Microcracking also helped boost the Weibull modulus of SiC-20TiB2 and SiC-40TiB2 to
17 compared to a value of 12 for SiC-15TiB2, which did not have any microcracks.
While it was the weakest, SiC-40TiB2 exhibited high fracture toughness (6.2 MPa·m1/2),
high hardness (25.3 GPa) and a high Weibull modulus making it a good candidate for
ceramic armor consideration.
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Table I: Density, Hardness, and Fracture Toughness of SiC-TiB2 Ceramics
Composition Densification Theoretical

Bulk

Relative

Hardness

Fracture

(GPa)

Toughness

Temperature

Density

Density

Density

(oC)

(g/cm3)

(g/cm3)

(%)

SiC

2100

3.22

3.20

99

27.81.1

2.10.1

SiC-15TiB2

2030

3.42

3.37

99

26.01.8

4.30.4

SiC-20TiB2

2030

3.48

3.37

97

25.91.8

4.50.4

SiC-25TiB2

1980

3.55

3.50

99

27.21.5

4.20.2

SiC-30TiB2

1980

3.61

3.56

99

26.61.3

4.40.3

SiC-35TiB2

1980

3.68

3.59

98

25.51.3

4.70.5

SiC-40TiB2

2030

3.74

3.64

97

25.31.4

6.21.0

SiC-60TiB2

1980

4.00

3.90

98

25.30.9

6.10.6

SiC-80TiB2

1980

4.26

4.15

97

24.22.0

5.70.7

TiB2

2100

4.52

4.39

97

24.41.7

5.91.0

(MPa·m1/2)
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Fig. 1. SEM images of SiC (a), SiC-15TiB2 (b), SiC-20TiB2 (c), SiC-40TiB2 (d), SiC80TiB2 (e), and TiB2 (f). Compositions a-e appear to be dense, while still containing
minimal porosity. Grain pullout in (f), however, makes the composition appear as if it is
not dense. Arrows point to examples of grain pullout and a pore.
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Fig. 2. Hardness and fracture toughness vs. TiB2 content. Hardness decreases as TiB2
content increases while fracture toughness increases.
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Fig. 3. Crack deflection at the corner of a Vickers indent in SiC-15TiB2.
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Fig. 4. Two-parameter Weibull analysis of SiC-TiB2 compositions with 15, 20, and 40
vol.% TiB2. Weibull modulus (m) increases as TiB2 content increases.
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Fig. 5. SEM image of a circumferential microcrack around a TiB2 grain in SiC-20TiB2.
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Fig. 6. SEM image of a circumferential microcrack around a TiB2 grain in SiC-40TiB2.
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SECTION
3. SUMMARY AND CONCLUSIONS

3.1 SUMMARY OF RESULTS
The microstructure and mechanical properties of several silicon carbide-titanium
diboride ceramic composites were studied. Two studies were presented in the form of
manuscripts for submission to technical journals. The first paper compared the
microstructure and mechanical properties of ceramics produced by hot pressing a
commercially available SiC-TiB2 powder (ST) to a SiC-TiB2 (SiC-15TiB2) ceramic
prepared from SiC and TiB2 powders along with sintering aids. The second paper
focused on the effect that TiB2 additions had on the microstructure and mechanical
properties of SiC-TiB2 ceramics. Whereas the first study focused on SiC containing 15
vol.% TiB2, the second study examined SiC-TiB2 ceramics with a range of TiB2 contents.
In this section, a summary from each paper is presented followed by some overall
conclusions.
3.1.1 Paper I: Microstructural Effects on the Mechanical Properties of SiC15vol.% TiB2 Particulate Reinforced Ceramic Composites. Two SiC-TiB2 ceramics
containing nominally 15 vol.% TiB2 were analyzed for their potential use in armor
applications. Hot-pressing was used to densify both ceramics to >99% relative density.
Microstructural analysis revealed that SiC-15TiB2 exhibited a uniform microstructure
while ST retained remnants of the starting granules where TiB2 had segregated to the
outside of the spray dried granules used to prepare the ceramics. Hardness, fracture
toughness, strength, Young’s modulus, and Weibull modulus were measured for both
ceramics. While each ceramic exhibited the same hardness of 26 GPa, the fracture
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toughness of SiC-15TiB2 was 4.3 MPa·m1/2 compared to 3.1 MPa·m1/2 for ST. The SiC15TiB2 ceramic also had a higher average strength (500 MPa) than ST (380 MPa). A two
parameter Weibull analysis of the strengths revealed that ST had the higher Weibull
modulus, 21, while SiC-15TiB2 had a Weibull modulus of 12. The measured Young’s
modulus of SiC-15TiB2 (465 GPa) matched the predicted value of 467 GPa. In contrast,
the Young’s modulus of ST was lower than the predicted value at 433 GPa. Decreases in
fracture toughness, strength, and Young’s modulus indicated that microcracking may
have been present in ST, which was confirmed by high resolution SEM analysis. While
both ceramics contained nominally 15 vol.% TiB2, microstructural differences (granule
like microstructure and microcracking) between ST and SiC-15TiB2 accounted for
difference between the mechanical properties of the ceramics.
3.1.2 Paper II: Silicon Carbide-Titanium Diboride Ceramic Composites. SiCTiB2 ceramics were produced with compositions ranging from nominally pure SiC to
nominally pure TiB2 with eight intermediate compositions. Each composition was hotpressed to > 97% relative density. Hardness decreased from 28 GPa for nominally pure
SiC to 24 GPa for SiC-80TiB2 and TiB2. The measured fracture toughness, however,
increased from 2 MPa·m1/2 for nominally pure SiC to ~6 MPa·m1/2 for SiC-TiB2 ceramics
with TiB2 contents of 40 vol.% or higher. Strength, Weibull modulus, and Young’s
modulus were compared for SiC-15TiB2, SiC-20TiB2, and SiC-40TiB2. SiC-20TiB2
exhibited the highest average strength of 522 MPa followed by SiC-15TiB2 (500 MPa)
and SiC-40TiB2 (423 MPa). SiC-20TiB2 and SiC-40TiB2 had the highest Weibull moduli
at 17 compared to a Weibull modulus of 12 for SiC-15TiB2. The Young’s moduli of
SiC-20TiB2 (454 GPa) and SiC-40TiB2 (482 GPa) were lower than their predicted values
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(472 and 494 GPa) based on the properties of the nominally SiC and TiB2, while the
measured Young’s modulus of SiC-15TiB2 (465 GPa) matched well with its predicted
value (467 GPa). Decreases in the Young’s modulus and hardness combined with an
increase in Weibull modulus suggested microcracking was present within the
microstructures of SiC-20TiB2 and SiC-40TiB2. High resolution SEM analysis was used
to provide evidence of microcracking in these microstructures. While it had the lowest
average strength, SiC-40TiB2 exhibited the best combination of hardness and toughness
for potential use as a ceramic armor.

3.2 OVERALL CONCLUSIONS
The research presented in this thesis focused on determining how powder
processing methods and TiB2 additions changed the mechanical properties of SiC-TiB2
ceramics. Research was also conducted to determine if a particular SiC-TiB2 ceramic
composition had a superior combination of mechanical properties. Some of the overall
conclusions that can be drawn from the research are as follows:


Hot-pressing was a reliable method to densify SiC-TiB2 ceramics.



SiC-TiB2 ceramics produced by hot pressing ST granules retained their granule
like remnants through densification and into the final microstructure due to TiB2
segregation at the outside of ST granules.



The granule remnants in ST led to a more uniform, albeit larger flaw size (~70
m) which increased the Weibull modulus but reduced the strength of ST (380
MPa) compared to SiC-15TiB2 (500 MPa).
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While the magnitude of the thermal residual stresses predicted for SiC-15TiB2
and ST were the same, -350 MPa compressive stress in SiC and 1975 MPa tensile
stress in TiB2, large TiB2 agglomerate sizes (>4.4 m) in ST led to microcracking
within the ST microstructure. However, evidence of microcracking was not seen
in SiC-15TiB2.



Microcracking and the remnants of TiB2-rich shells on spray dried granules in the
final microstructure combined to boost the Weibull modulus of ST to 21
compared to 12 for SiC-15TiB2, which had a uniform distribution of TiB2
particles; however, strength was reduced for ST due to the larger average flaw
size.



Hardness decreased with TiB2 additions to SiC. SiC had a measured Vickers
hardness of 28 GPa that decreased to 24 GPa for SiC-80TiB2 and TiB2.



The fracture toughness of SiC-TiB2 ceramics was better than monolithic SiC (2
MPa·m1/2) and increased with increasing TiB2 additions to a value of ~6 MPa·m1/2
for SiC-TiB2 ceramics containing 40+ vol.% TiB2.



The Weibull modulus increased from 12 to 17 as TiB2 additions increased from
15 vol.% to 20 and 40 vol.%.



SiC-40TiB2 exhibited the best combination of hardness (25 GPa), fracture
toughness (6.2 MPa.m1/2), and Weibull modulus (17) which makes it a good
candidate for ceramic armor applications.
The presence of TiB2 particles induced spontaneous microcracking in some SiC-

TiB2 ceramics. Microcracking was more likely in ceramics with larger TiB2 particles or a
higher volume fraction of TiB2. Microcracking can help boost fracture toughness by
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promoting crack deflection and crack tip shielding. However, spontaneous
microcracking increases the size and number of flaws in the microstructure, resulting in
decreases in the Young’s modulus and average strength of the ceramics. Spontaneous
microcracking can also reduce the measured hardness because part of the work of
indentation is consumed through the closing of microcracks. Residual stresses within the
material can also have deleterious effects on the hardness.
To produce a SiC-TiB2 ceramic with improved properties compared to the
compositions studied, spontaneous microcracking should be eliminated from the
microstructure and residual stresses should be minimized. Thermal residual stresses will
always exist due to a CTE mismatch between SiC and TiB2; however, residual stresses
due to crystal anisotropy can be reduced by reducing grain size. Producing ceramics with
a TiB2 particle size that is on the brink of microcracking, but just under the threshold for
spontaneous microcracking, may be an advantage. If SiC-TiB2 ceramic containing 10-20
vol.% TiB2 reinforcing phase could be manufactured in such a way that TiB2 particles,
below the spontaneous microcracking threshold, surrounded larger SiC regions, a
propagating crack would likely avoid the compressive residual stresses in the large SiC
regions and propagate through the surrounding SiC-TiB2 region in which the TiB2 phase
is in tension, drawing cracks to SiC-TiB2 interfaces. This would increase the strength,
hardness, and Young’s modulus of the ceramics, but still allow for stress-induced
microcracking to occur, which would increase the Weibull modulus by narrowing the
flaw size distribution and increase fracture toughness by promoting crack deflection and
crack tip shielding.
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4. FUTURE WORK

Research presented in this thesis showed how the microstructure and mechanical
properties of SiC-TiB2 ceramics changed based on both the powder processing method
and the amount of TiB2 additions. Future work could help answer questions that still
remain about why the properties of SiC-TiB2 ceramics differ from values predicted based
on the properties of nominally pure SiC and TiB2. In addition, future work could also
suggest processing methods that could be utilized by industry to produce these ceramics.
The suggestions presented in this section strive to close the gap between laboratory
investigations and industrial production methods.
Ceramic composites examined in this thesis were produced by hot-pressing.
Pressureless sintering of the SiC-TiB2 composites would make SiC-TiB2 ceramics more
attractive in an industry setting where pressureless sintering helps reduce processing
costs. The densification kinetics differ between hot-pressing and pressureless sintering.
The potential to change the microstructure through pressureless sintering could change
the mechanical properties exhibited by sintered SiC-TiB2 ceramics compared to the hot
pressed materials examined in this study.
Powder processing was carried out by milling in a solvent; however, aqueous
based processing could reduce costs and environmental concerns. In order to optimize
aqueous based processing, research on the effectiveness of sintering aids would be
needed due to the increased oxidation of the powders during milling. While the final
ceramic is still a SiC-TiB2 ceramic, the advantages of aqueous processing are cutting
solvent storage, handling, and waste as well as the cost of the solvent compared to water,
all of which could cut overall processing costs.
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Silicon carbide can be densified using liquid phase sintering aids. While some
work was performed as part of this thesis research to sinter SiC-20TiB2 composites using
aluminum as a sintering aid, pressureless densification of SiC-TiB2 ceramic composites
has not received much attention. Additions of aluminum, boron, and carbon help
promote densification during pressureless sintering through the formation of a liquid
phase. By utilizing liquid phase sintering techniques, reduction in sintering temperatures
could be used to reduce industry costs. For SiC ceramics, a boost in fracture toughness is
usually accompanied with a drop in hardness. Future work on this subject could focus on
improved sintering techniques through liquid phase sintering and how liquid phase
sintering additives affect the mechanical properties of SiC-TiB2 ceramics.
A two parameter Weibull analysis was used analyze the strength data for SiC15TiB2, SiC-20TiB2 and SiC-40TiB2, but the matrix material was not analyzed. A
Weibull analysis of nominally pure SiC would be advantageous to see how the reinforced
composites compare to the monolithic material.
Calculations for the TiB2 particle sizes that would produce spontaneous
microcracking were performed. Using these calculations, ceramics fabricated with a
range of TiB2 particle sizes could be used to study the effect of microcracking on Weibull
modulus a specific SiC-TiB2 composition. A full analysis would then be available to
compare each particulate composite “armor” (with and without microcracking) with the
matrix (SiC), commonly used in armor, in terms of hardness, fracture toughness, strength,
Young’s modulus, and Weibull modulus.
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APPENDIX

A.1 UNPUBLISHED DATA
A.1.1 Weibull Analysis of Polished SiC-20TiB2. Table A.1 summarizes all of
the properties obtained from the six ceramic composites tested in flexure for Weibull
analysis. In an attempt to determine the critical flaw size more accurately, two sets of
SiC-20TiB2 flexure bars were polished to a 0.25 m finish prior to flexure testing to
reduce the flaw size compared to the standard surface finish of 600 grit. Results from
this data are also included in Table A.1 as the first and second analysis. From Table I,
the strengths of the polished bars were lower (~400 MPa) when compared to the 600 grit
finish (~520 MPa). Weibull analysis of the data (Figure A.1) also shows a drop in
Weibull modulus from 17 for 600 grit specimens to 7 for the polished specimens. Except
for the two low strengths in the 1st analysis, the data for the 1st and 2nd analysis lie almost
directly on top of each other, showing the consistency in production. However, in the 1st
analysis there are two low strengths that skew the fit of the Weibull analysis and the
Weibull modulus falls from 14 for the 2nd analysis to 7 for the first analysis. While they
appear to be outliers in the data, these points cannot be disregarded since there is always
a probability of having large flaws in brittle materials.29
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Table A.1. Number of specimens tested in four-point flexure for Weibull analysis
Tested composite

Number of

Average

Characteristic

Weibull

specimens (n)

Strength (MPa)

Strength (MPa)

Modulus

Hexoloy ST

40

37922

390

21

SiC-15TiB2

39

49948

520

12

SiC-20TiB2

36

52236

539

17

SiC-40TiB2

38

42330

436

17

0.25m finish SiC-

35

40158

430

7

38

41436

430

14

20 TiB2, 1st analysis
0.25m finish SiC20 TiB2, 2nd analysis

2

600 grit, m=17
st
0.25m 1 analysis, m=7
nd
0.25m 2 analysis, m=14

lnln(1/Ps)

0

-2

-4

5.6

6.0

6.4

ln

Figure A.1. Weibull distributions of SiC-20TiB2 with a surface finishes of 600 grit and
0.25m.
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Figure A.2 contains SEM micrographs of the polished cross-sections of flexure
bars that had a perpendicular face refinished using a 125m polishing pad (2a) and a
15m polishing pad (2b). The 125m pad is typically used as a first pad to polish
samples to a mirror finish by stepping down to successively smaller polishing grits. The
15m pad was used to demonstrate a surface with a similar finish to a surface ground
sample, since a 600 grit diamond grinding wheel for surface grinding of ceramics uses
diamond grit between 13 and 16m in size. From Figure A.2 it can be seen that the
cross-section from the 125m finish has sub-surface damage that has caused spalling
along the edge of the cross-section and the finished surface. The depth of the sub-surface
damage observed in Figure 7 (~20 to 35 µm) matches calculated critical flaw sizes, using
Griffith theory, for both polished sets of Weibull data and can explain the observed
decrease in strength for the flexure bars that underwent the diamond polishing
operation.29

b

a
spalling

Figure A.2. Cross-section of ASTM C-1162 b-bar polished perpendicular to a (a)125m
surface finish and (b)15m surface finish where the finished edged are at the bottom of
the micrographs.
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A.1.2 Pressureless Sintering of SiC-20TiB2. Pressureless sintering of SiC20TiB2 with C and B4C sintering aids was attempted using aqueous processing methods.
Plyophen was used for a carbon source (supplied by St. Gobain). Powders were milled
for 4 hours in water, using TiB2 media. Two wt.% polyvinyl alcohol (523 polyvinyl
alcohol, Airvol, Allentown, PA) was added as binder and milling continued for 24 hours.
Powders were stir dried on a hot plate at ~100oC for removal of water. Dried powders
were and ground and sieved through a 60 mesh screen. Pellets nominally ½ in. in
diameter were uniaxially pressed in a stainless steel die to a load of 1000 lbs. To increase
green density, isostatic pressing (Fluitron Inc., CIP 6-24-30, Ivyland, PA) at a pressure of
30 ksi was also utilized. Binder burnout and phenolic char was performed in a burnout
furnace (Lindberg, Type 51542-HR, Watertown, WI) under flowing argon (~1 atm). A
ramp rate of 1oC/min. was used with 2 hour isothermal holds at 400oC and 800oC.
Sintering was performed in a graphite element furnace (Thermal Technologies Inc.,
Model 1000-4560 FP30), heated with a ramp rate of 10oC/min. under vacuum (~200
mtorr) with 1 hour isothermal holds at 1450oC and 1650oC. The vacuum atmosphere was
changed to flowing argon (~1 atm) and the furnace was ramped to 2150oC at a rate of
15oC/min. Due to sintering program errors, the pellets were only held at the final
temperature (2150oC) for ~6 min.. After cooling to room temperature the pellets
appeared to contain a considerable amount of porosity. Optical microscopy of pellet
cross-sections revealed that SiC-20TiB2 melted and cooled through a eutectic (Figure
7.3). The eutectic melting temperature of SiC-TiB2 has been measured to be 219040oC
for a SiC-TiB2 volumetric ratio of 72:28.84 At a ratio of 80:20, the phase diagram
predicts the presence of SiC and a SiC-TiB2 liquid above the eutectic temperature. Large
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SiC grains in Figure A.3 indicate that eutectic melting is likely what occurred during
sintering. Since pyrometers are used to measure temperatures above 600oC in the furnace
and since a pyrometer was used for determining the melting temperature of SiC-TiB2
ceramics, difference in the pyrometer settings could change the accuracy of temperature
measurement.

Figure A.3. SiC-20TiB2 that underwent eutectic melting during pressureless sintering.
Large SiC grains and a eutectic SiC-TiB2 structure were observed.

A.1.3 Aluminum Additions to SiC-20TiB2. An attempt was made at improving
the mechanical properties of SiC-20TiB2 by changing possible mechanisms of
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densification. Aluminum, boron, and carbon (ABC) additions are sometimes added to
SiC as sintering aids.71,85,86 During sintering or hot-pressing a liquid phase with a
composition similar to Al8B4C7 forms which enhances densification. ABC SiC-TiB2
powders were prepared and hot-pressed in the same manner as SiC-TiB2 compositions
pressed in the Thermal Technologies HP20-3060 furnace. Table A.2 includes the
hardness and fracture toughness for a SiC-20TiB2 composite densified with aluminum
(3.5 wt% ), B4C (1 wt.%) and C (2 wt.%), referred to as ABC SiC-20TiB2 to differentiate
it from SiC-20TiB2. With the ABC additions, the toughness was boosted from ~4.3 to
~4.8 MPa·m1/2 without any weight gain as the theoretical densities of the two composites
are nearly identical. The hardness of the ABC SiC-20TiB2 composite, however,
decreased by almost 4 GPa, 26 GPa (SiC-20TiB2) to 22 GPa. This is a decrease of ~14%
in hardness for the ABC composite compared to SiC-20TiB2 with B4C and C sintering
aids.

Table A.2. SiC-20 TiB2 vs. ABC SiC-20 TiB2 (3.5wt% Al)
Material

HV1 (GPa)

Toughness

Density

Relative

(MPa·m1/2)

(g/cm3)

density (%)

SiC-20TiB2

25.91.8

4.30.3

3.43

98.5

ABC SiC-20TiB2

22.32.8

4.80.4

3.40

99.7

Pressureless sintering of ABC SiC-20TiB2 was also attempted. Pellets were
pressed using the same method used for SiC-20TiB2 pellets. Pellets were sintered in a
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graphite element furnace (Thermal Technologies Inc., 1000-3060 FP20). A ramp rate of
10oC/min. under vacuum (~200 mtorr) was used with isothermal holds for oxide removal
at 1450oC for 20 min. and 1650oC for 15 min. The vacuum atmosphere was replaced
with flowing argon (~1 atm) after the 1650oC isothermal hold and ramping continued at
5oC/min. to a final densification temperature. Final densification temperatures of 1900,
1950, and 2000oC were used. At 1950oC for two hours, a maximum in bulk/relative
density (3.26g/cm3/96%) was achieved. Visually, without the aid of microscopes, rings
appeared in the cross sections of ABC SiC-20TiB2 pellets. EDS analysis in Figure A.4 of
the pellets showed an aluminum depleted layer, ~325 m deep, near the edge of the
samples. Loss of aluminum may have occurred through reaction within the carbon
crucible/furnace and the formation of aluminum carbide (Al4C8) which can become
volatile at elevated temperatures.87

99
Pellet edge

Figure A.4. EDS analysis of aluminum in ABC SiC-20TiB2 showing that aluminum was
depleted near the outer edge of the specimen.
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